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heV/ST0L Rotary Propulsor Noise Prediction Model developed under contract
DOT-FA74W747-7was updated and evaluated. -)A three-phase program was conducted.

the frst phase, a literature review wvis cozidicted to Identify and evaluate high quality
noise measurements of propeller, variable pitch fan, fixed pitch fan, helicopter, lift fan,

core engine, and jet noise for the preparation of a data base with emphasis on recent mea-
surements of in-flight propulsors. In the second. phase, the effects of forward flight on
V/STOL propulsor noise were evaluated and the noise prediction model was-improved to A_
give better agreement with current measurements. In-t 69 pha"=Lf performance of
the noise prediction methodology was evaluated by comparison of calculatons with measure.
ments of propulsor noise from the data base.

Although certain aspects of the measured propulsor noise, such as Installation and ground
reflection effects, caused discrepancies between measured and calculated levels (the calcu-
lations assume uninstalied propulsors under free-field conditions), the general correlation
was good. Typical correlation between measured and calculated one-third octave band
levels was dB and between measured and calculated dB(A), PNL, PNLT, and EPNL was
*3 dB.
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INTRODUCTION

Both rotary propulsors and jets have noise generating mechanisms which are strongly
influenced by forward flight. Open and shrouded rotors Ingest normally occurring at-
mospheric turbulence which gives rise to unsteady loading noise. The characteristics
of the Ingested turbulence are strongly Influenced by forward-flight effects. Thus, the
noise generating mechanisms of rotary propylsops In flight differ from those which
occur statically. These different mechanisms result in changes In generated noise
levels, spectrum shapes, and source directivity as the propulsor makes the transition
from static (take-off) to flight.

Jet noise is caused by fluctuating forces due to, viscous shear gradients between the
highly turbulent high speed gas stream and the lower velocity ambient medium. The
sound intensity Is related to the velocity of the jet relative to that of the ambient air.
The relative velocity is greatest statically and decreases as forward speed is increas-
ed. Thus, in the case of jet noise forward-flight also affects the amplitude, frequency
spectrum, and directivity of the generated noise.

Current and proposed aircraft noise certification regulations indicate that the noise
level limits will be established under flight conditions. It is thus important for air-
craft manufacturers, operators, and regulating agencies to be able to assess the noise
levels of present and future propulsor designs to establish trade-offs for designing low-
noise propulsors. Since the noise generating mechanisms at static conditions differ
substantially from those that occur In flight, useful noise prediction methodology must
address the flight regime.

" /0
in 1976, Hamilton Standard completed work under FAA contract DOT-FA74WA-3477 .34
to develop V/STOL rotary propulsion system noise prediction procedures. The result
of this effort, published as a three-volume report_(FAARD-7-, Included both
graphical and computerized noise prediction methods for free-air propellers, shrouded
propellers, variable-pitch fans, fixed-pitch fans, tilt-propellers, helicopter rotors,
lift-fans, gearboxes, core (drive) engines and jets (primary and bypass). All of
these, with the exception of gearboxes and core engines, have noise generating mech-
anisms which are affected by forward flight. In this previous work, forward-flight
effects were Incorporated. However, due to the lack of good, high quality data, the
forward-flight effects were not fully evaluated. Also, in recent acoustic research
work throughout the world, emphasis ]ias been placed on understanding forward-flight
effects and this knowledge was not available in the previous study.

In this study, the forward-flight effects included In the methodology from the previous
study were reviewed and, where justified, were Improved based on currently available
measurements of static and In-flight noise. Extensive comparisons between high quality
data and calculations using the procedures revised in this contract were made to eval-
uate the noise prediction methodology accuracy. These comparisons showed generally
god agreement, thus confirming that the noise prediction procedures should be usefl
for noise assessment of potential new aircraft on a preliminary desigp basis.
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BACKGROUND

INTRODUCTION

As background for the discussion of the work performed under this contract, the Im-
portant noise generating mechanisms and how they are influenced by forward-flight,
installation and other considerations will be presented. Thus, a brief review of the
significant noise generating mechanisms for the propulsors under consideration will
be given below. This discussion is abstracted from Volume I of reference 1. Follow-
Ing this, forward-flight and installation effects will be discussed. Finally, other con-
siderations, such as atmospheric absorption and ground reflection effects, will also
be discussed.

REVIEW OF NOISE GENERATING MECHANISMS

The propulsors for which noise prediction methodology is contained In the noise esti-
mating procedures of reference 1 include: free-air propellers, variable-pitch fans,
fixed-pitch fans, helicopter rotors, core engines, gearboxes and Jets. Although there
are variations within each category, such as variable-pitch fans which may have inlet
guide vanes or outlet guide vanes, these usually have similar noise generating mech-
anisms. Also, some noise generating mechanisms are common to several propulsors.
Finally, the noise generating mechanisms of core engines and gearboxes are not
generally affected by forward flight.

Free-Air Propellers

The major noise sources in propellers are rotor self-Pnoise ahd inflow/rotor inter-
action noise. Rotor self-noise consists of thickness (monopole) noise, loading (dipole)
noise, non-linear source (quadrupole) noise and broadband noise (also characterized
as dipoles). Thickness noise is Important only athigber tip speeds for lightly loaded
propellers. Quadrupole sources are significant only at transonic tip speeds. Thus,
for V/STOL propellers, which are typically moderately to highly loaded at moderate
tip speeds, the most significant self-noise sources are loading and broadband noise.

The mechanism of steady loading noise generation is the lift forces on the blades which
are steady In a coordinate system fixed to the blades.. As the blades rotate they pro-
duce periodically oscillating forces in the air. These result In tones at blade passing
frequency (rotation rate x number of blades) and Integer multiples thereof. The lift
vector can be split Into a thrust component (usually normal to the plane of rotation)
and a torque component (usually In the plane of rotation).

The mechanisms of broadband noise have not been substantiated but are generally con-
jectured to be vortex shedding, tip vortex interaction, and boundary layer radiation.
The original concept of vortex shedding noise was that the blade turbulent boundary,
layer sheds vortices Into the airfoil wakes, resulting in the generation of osollatin
random forces at the blade trailing edge. The tip vortex Interaction is explained as
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a vortex originating at the leading edge interacting with the trailing edge of the s
airfoil. *Finally, the turbulent boundary layer results in random pressure fluctuations

on the airfoil surface which cause noise to be generated. None of these mechanisms
has been substantiated satisfactorily. Prediction methods are based on empirical
formulas.

Inflow/rotor interaction noise occurs through the mechanisms of non-uniform inflow
Into the propeller causing fluctuating blade loading. A disturbance in the Inflow causes
changes in the local resultant air flow velocity. This. in turn causes an effective chan
in the blade angle of attack, which In turn causes a change In the blade lift. Depending
on the structure of the Inflow disturbance, the nois& is generated as tones, broadband,
or both. Although the mechanism has not been fully substantiated, there is enough In-
direct evidence, in the form of measured inflow distortion and blade surface pressures,
to support the current hypotheses.

Variable-Pitch Fans

Variable-pitch fans, which are defined to be subsonic tip speed devices, have the same
noise generating mechanisms as those for free-air propellers plus some additional
sources due to inlet or outlet guide vanes. Although in variable-pitch fans the noise
generating mechanisms described for free-air propellers are modified, primarily due
to the effect of the shroud, they remain qualitatively the same.

Shroud-support/swirl-recovery/preswirl vanes result in an additional source of noise.
Wakes fromupstream vanes result in fluctuating loads on the rotor blades. Wakes
from the rotor result in fluctuating loads on the downstream vanes. Thus, fluctuating
pressures appear on the rotor blades in one case and on the stator vanes In the other
which rqsult in additional noise. Since the separate wakes from the upstream blade
row are 'not exactly equal and are distorted by turbulence in the flow, they do not
appear at the downstream blade row as a series of identical pulses. Instead, the
pulse amplitude and position is modulated In a random manner. The periodic portion
gives rise to pure tones, which also occur at blade passing frequencies, while the
random portion results in broadband noise.

The shrpud also has an effect on the propaptikn ot the, noise components generated at
the rotor and/or stator. This occurs because the shroud provides an Impedance which
is dependent on its geometry and varies with duct modes. In general, subsonic modes
will decay very rapidly, while those which are supersonic will propagate. Thus, the
steady loading and thickness sources in a variable-pitch fln will always decay, as the
rotor tip speed is always subsonic. Inflow/rotor and rotor/stator interaction modes
may or may not propagate depending on their wall speed (see reference 1 for a more
detailed'discussioa).

A final effect that the shroud produces is to nozzle the discharge flow. Through-4l
veloc s are mneraW high e= at the discharge to produce significant jet noise.
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In general, the noise sources for a variable-pitch fan are inflow/rotor Interaction,
rotor broadband, rotor/atator Interaction and jet noise.

Fixed-Pitch Fans

The only major difference between fixed-pitch fans and variable-pitch fans are that
fixed-pitch fans have higher tip speed, higher pressure ratio, and greater number of
blades and vanes. Thus, the fan noise sources summarized above also apply to fixed-
pitch fans.

An additional source for fixed-pitch fans is combination tones, which are harmonic of
shaft rotation frequency, that occur at supersonic tip speed for fans without inlet guide
vanes. The mechanism for this source is the rotating shock pattern from the super-
sonic blades. As the blades are not identical to one another, the shock pattern is not
uniform and the non-blade-passing-frequency harmonics are not cancelled. Thus, the
shaft rotation frequency appears as the fundamental frequency of the harmonic series.

Thus, the major sources of noise in fixed-pitch fans include inflow/rotor nteraction,
rotor/stator Interaction, rotor broadband, combination tones (supersonic rotors with-
out inlet guide vanes), and jet noise.

Helicopter Rotors

The noise generating mechanims of hovering helicopter rotors are similar to those
already described for propellers. In addition, interaction between tip vortex filaments
can occur. This occurs when the tip vortex of a blade is intersected by the following
blade. This results In a lift pulse on the Intersecting blade which is similar to that
which occurs during turbulence ingestion. In this case also, many harmonics of blade
passing frequency are generated.

Tilt-Propellers

Tilt-propellers at lift-off have similar noise generating mechanisms to those of pro-
pellers, previously described, except for the effects of cyclic pitch.

In general, cyclic pitch will introduce a certain amount of inflow distortion which may
move around the propeller disc to follow the cyclic input location. This Inflow dis-
tortion will enhance primarily the low frequency tones, since the cyclic Input provides
a sinusoldal modulation of the blade angle at a rate of one cycle per revolution.

Lft-Fans

In lift-fans, the noise sources and generating mechanisms are the same as for the axial
flow fans used for forward flight propulsion. For transonic-tip-speed, fixed-pitch ift
fans, however, the combination tones are not as important as In propulsion fans. This

W O
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is because this source of noise does not appear in the fan exhaust and the typical lift-
fan has a short inlet duct which does not promote the formation of the strong shocks
which result In combination tones.

Some lift-fans also have tip turbine drives, which 4re another noise source.

Jets

Jet noise is generated outside the physical envelope of the propulsor. Although not a
signif"tntt contributor to the total V/STOL rotary propulsor noise except for low by-
pass ratio fans, it may become significant when noise wuppression Is Incorporated
in the propulsor design.

Jet noise is generally described as a quadrupole source due to the turbulent shear
stresses which occur In the boundary between the moving gases and the surrounding
medium. The most influential parameter affecting jet noise is jet velocity, as the
noise level varies as the velocity raised to the 8th power.

In coaxial jets, as occur in most propulsion fans, the central jet (exhaust from the
core engine) is surrounded by a second jet (fan discharge). This provides two shear
boundaries: one between the bypass flow and the core engine exhaust and one between
the bypass flow and the ambient air. This produces several effects. First, since in
general the bypass flow velocity is lower than that of the core engine exhaust, the
relative velocities at the Interfaces are lower than that for a single jet. Second, the
acoustic pressure generated by the primary jet has to propagate through the bypass
flow and thereby Is attenuated. Finally, the bypass flow jet noise is of a lower In-
tensity due to its lower relative velocity and of lower frequency due to the larger fan
nozzle area. Thus, the effects on jet noise for coaxial configuration is to reduce the
generated noise primarily by moving a greater mass of air at a lower velocity.

INSTALLATION EFFECTS

The foregoing discussion addressed the noise generating mechanisms for uniasued
propulpors. Uninstalled propulsors are totally isolated and therefore operte WO
uniform inflow (except for naturally occurring atmospheric turbulene). Is reat,
It Is pot possible to test under Ideal conditions, i.e., even a very aerodyIIV
clean 4rive system introduces some blockage effects. For actual litlats a
craft, the effects are even stronger. Since these effects can have dipfted WUM
on the noise generated, they are important. The noise prediction methadolgV d6oft
ed in reference 1, which was evaluated In this study, was developed for uninstalled
propulsors. Thus, for a valid evaluation, only test data from configurtios wi
are free from installation effects should be used. In the present study, acquirtin
this type of data twned out to be a difficult task. The tollowing summary of Installa-
tion effects is preseated to put the problem In perspeodlv.

FT
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The installation effects usually encountered either distort or Interact with the propulsor
flow-field. For example, a propeller with a small tip clearance to the fuselage or a
fan mounted near a fuselage will operate In distorted Inflow due to the blockage from
the fuselage and possible Ingestion of the fuselage boundary layer. Figure 2-1 shows
blade surface pressures measured on a static propeller abstracted from reference 2.
During the static portion at the run (first 50 revolutions), a strong disturbance appears
In the vicinity of the 40th circumferential sample number. This .oincides with the
instrumented blade being closest to the airplane fuselage. It is conjectured that this
disturbance is due to a vortex originating on the fuselage.

A second disturbance is apparent In figue 2-1 near circumferential sample 80. This
occurs when the Instrmented blade is closest to the ground. Again, it is conjectured
that this Indicates a vortex, but now originating at the ground. Such vortices have
been observed and documented. Figure 2-2 is a photograph which clearly shows a
ground vortex being Ingested Into a fixed-pitch fan.

As seen In this figure, the vortex is of small transverse scale relative to the fan dia-
meter. Thus, when a blade intersects the vortex, a sharp blade loading pulse, as
seea In figure 2-1, is generated. Due to the large amplitude and short duration of the
pulse, high levels of noise extending Into the high frequencies are generated. Since
each blade Intersects the vortex once per revolution, the noise generated is at har-
monics of blade passing frequency. The data from reference 2 shows many harmonics
of blade passing frequency extending well Into the mid-frequencies for the static runs.
I is apparent from this data that the ingestion of a vortex will result In tone-like noise
which is dominant over the other sources, Including normally occurring atmospheric
tubulence Inflow interaction noise, steady loading noise, and rotor/stator Interaction
noise.

Another flow-field Interaction, encountered In becpters, is that between the main
rotor(s) and the tail rotor. Tandem main rotors usually have some degree of overlap.
Tims, the wake from the upper rotor Is convected downward Into the lower rotor, pro-
ducing local turbulence which is Intercepted by the second rotor blades. Similarly,
the main rotor wake may be convected Into the tall rotor. This coaes noise to be
generated due to inflow distortion Interaction. The relative importance of this mech-
anism, of course, depends oan the proximity of the two rotors, the rotor operating
conditions, and the vehicle operating condtion.

A third Installation effect is distortion of the flow-field due to blockage. Winp,
nacello, fuselages, etc. produce distortion by blocking part of the inflow so that the
rotor sees a periodic variation In the flow-field once per revolution. The sinficance
of this mechanism depends on S fntenit of the distortion as well as its harmonic
connt. A low-order distortion, as miglt be produced by fuselage blockage, would
not result in significant noise generation for a many-bladed rotor.
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FIGURE 2-2. GROUND VORTEX INGESTION.
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A final effect Is shielding or reflection of the sound field by wings, fuselage, tail sur-
faces, etc. As an example, one enin of an airplane with aft-mounted tubftns In
shielded by the fuselage to an observer located to the s of the airplane. Also, the
naoise from the eng on the observer side will be reflected by the fuselage. Ttms,
the noise measured to the side will differ from that measured above or below the air-
plane, as would be the case during flyover. Other possibilities include the shielding
ot the aeni Inlet by the wings, shielding of an aft center mounted engine inlet by the
fuselage, and engin shielding by a helicopter fuselage.

I summary, Installation effects can be significant and may be the dominant propulsor
noise generating mechanism In some cases. Since the current mnhodolog under
evaluation applies only to Isolated propulsors, the data for correlation must be care-
fully screened for evidence of any installation effects.

FORWARD-FLN3HT EFFECTS

Forward-flght effects on V/STOL rotary propulsors can be generally classified into
two catepries. In the first category are those effects which result from changes in
operating conditions due to flight. This includes, for example, the reduction in pro-
peller thrust, reduction in belicopter rotor torque, and reduction in Jet relative
velocity which occu as forward speed ts Increased. The second category includes
changes In the noise sources due to the effects t fligh on the noise generating meoh-
anism. An example of these effects is the modification of Inflow turbulence duoe to
fg with a resulti change in rotor/Inflow interaction noise.

In the M wing setions the forward-flight effects and their Implementation in the
noise prediction methodology prior to this evaluation wig be discussed in turn for
each propulsor.

Free-Air Propellers

Stady loodi noise Is conveniently divided into torque noise and thrust noise. During
a normal take-off, the power Input and rpm are hold constant. However, the propeller
thrust decreases wtth Increasing fltspeed. Thus, the thrust component of the ise
decreases. As forward speed is further increaed, the noise may increase duoe to the
Incresse in relative tip speed. Thus, as forward speed is Increased, the steady load-
ing noise In expected to IniUally decrease slgbtly, then liwraso slightly.

Since the broaeed noise is believed to be related to the propeller thrust, broaaftaxI
noise Is also expeoted to decrease In level as forward flig is increased.

Thse two effects are Implicit In th me lo, a the rmlatios for sedy
loading noise and broadband nois use thrust and tip sed as Wts. Thus, forward-
MW giefts on selt-noise sources, i.e., stedy loading and broaaad nolse, an
1101 Into the methedoligy. The InClo/rotor Interation noise, however, requires
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definition of the Inflow, which is conjectured to be Influenced by the propeller potential
flow field. Figure 2-3 depicts the current understanding of the differences In Inflow
between static and flight. Statically, the rotor potential field extends over a large
area, both In frot and behind the plane of rotation. Thus, a turbulent eddy captured
by the propeller flow field is greatly contracted as it enters the disc, To conserve
angular momentum, the transverse turbulence Is increased and the eddy is trans-
formed Into a long, thin region of high intensity turbulence which moves through the
rotor. This Is the cause of the high levels of higher frequency harmonies generated
statically as previously described. In flight, the Inflow contraction is much less, so
that the patches of turbulence are relatively unaffected. Thus, the noise due to In-
flow/rotor interaction will be much lower In flight than statically.

It Is also apparent that installation effects in flight will differ from those at static
conditions. For instance, vortices from the fuselage (if any are formed In flight) will
be convected downstream without passing through the propeller disc. Ground vortices,
of course, are not formed at all. This can appear as a significant effect of forward
flight on noise which would not be apparent for uninstalled propellers. In contrast,
Inflow distortion due to blockage from the nacelles, wing upwash, fuselage boundary
layer, etc. is more severe in flight than statically, thus causing an opposite effect.

Variable-Pitch Fans

In general, the forward-flight effects previously discussed for free-air propellers also
apply to variable-pitch fans. It should be noted, however, that the rotor steady load-
ing and broadband noise and the stator noise are relatively unaffected by forward flight,
as the rotor operating conditions are constant due to the effects of the shroud. The
Influence of forward flight on rotor/nflow Interaction noise and Installation effects are
expected to be similar to those previously described.

Fixed-Pitch Fans

The forward-flight effects on fixed-pitch fan noise depend on the fan configuration. It
Is generally assumed that the noise generated In fans with Inlet guide vanes is due
primarily to stator/rotor Interaction. As ststor/rotor Interaction Is unaffected by
forward-flight, the noise generated by a fixed-pitch fan with Inlet guide vanes does not
change with forward flight. Fixed-pitch fans without Inlet guide vanes generate noise
by Inflow-turbulence/rotor Interaotion. At subsonic relative tip speed, the fan steady
loading noise and thickness noise are not totally dominant over the Inflow-turbulence/
rotor Interaction noise. Thus, forward-flight will result in reduction of fan tone noise
at subsonic tip speeds. As the tip speed approaches somnic velocity, the steady rotor
sources become dominant and the forward-flight effects become insignificant.

11
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Helicopter Rotors

There are three major forward flight effects on helicopter rotor noise. First, the
turbulence In the Inflow is modified. This is a similar effect to that described under
propellers. Second, the paths of the tip vortices are modified. During ascent and
cruise, the vortices may be convected out of the path of the following blades. During
descent, the vortices may be convected into the path of the following blades. Thus,
a helicopter rotor which does not exhibit impulsive noise (often called 'blade slap")
during hover or cruise may exhibit it during descent. Third, during cruise, the In-
flow is not normal to the rotor disc. This creates an Inplane (transverse) velocity
component. Thus, the blade which is advancing (i.e., during the half of a revolution
when It Is moving in the flight direction) experiences a velocity which is the sum of
the rotational velocity and a component of the flight velocity. The retreating blade
will experience the component of the flight velocity subtracted from the rotational
velocity. If the two components are large (i.e., high tip speed and high flight speed)
the advancing blade can approach or even exceed sonic velocity with an abrupt change
in loading. This will result in Impulsive noise generation. if the two components are
not too large, the blade will still experience a change in loading as it goes through a
revolution. However, this is a low order distortion and couples only with the low
frequency harmonics.

A final effect can be conjectured, although it is presently difficult to substantiate with
the available data. Since the broadband noise level. is dependent on theblade section
speed to the sixth power, the advancing blade will make more broadband noise than the
retreating blade. As this fluctuating blade section speed varies periodically at the
rotor revolution rate, the ear or a frequency analyzer will tend to read an average.
Since the noise level is dependent on velocity to the sixth power, the integrated average
will be higher than that using the mean velocity (zero flight speed). At representative
tip speeds, this effect could result in an increase in broadband noise of about 4 dB at
60 kts compared to that during hover.

Tilt-Propellers

The noise from tilt-propellers will be affected by flight as was described for free-ir
propellers. In addition, the skewed Inflow may genrate low order fluctuating blade
loads as described for helicopter rotors.

Lift-Fans

Lft-fans will show forward-flight effects comparable to those which were described
* , for the like propulsion fans. In addition, skewed Inflow may give rise to low order

Inflow distortion, but that is not particularly sinifoant In lift-fans due to the large
nunber ot rotor blades. However, severe skewed Inflow can cause the flow to sp-
rate In the inlet duct. As this produces local patches of high level turbuse, it can
be a significant some of noise.
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Inasmuch as jot noise Is generated In the boundary between the moving pass and the
surrvundIng medium, the level of jet noise is dependent on relative velocity. Thus,
as fM&h speed Is Increased, relative velocity decreases, and jet noise decreases.
Although there In some disagreement an the strength of the fM&h effect, It ts generally
cosceeded ftht the jet noise Is proportional to (Vj-Va)nVJS-&, where Vj Is the jet
velocity, Va Is the W&gh velocity and n Is an exponent equal to 6 or 7.

PROPAGATION AND GROUND REFLECTIONS

Introduction

As a final section In this background discussion, It is appropriate to describe two
additional effects which affect measured noise levels. ]n contrast to the phenomena
described In previous sections, which affect the noise which In generated, the on
to be described In this section relate to how the noise Is affected after It Is generated
and In transit to the observer. The first Item Is ptopagation effects and includes
atmospheric absorption, refraction, Doppler frequency shif and shielding. The sec-
ond Item relates to reflections from a ground plans, usually present when noise mea-
surements are made.

Propagation Effects

AtmSefric Absoiin - The atmosphere Is not a perfect noise propagating medium,
and therefore has leso. Thus, In addition to reduction In sound intensity due to
spherical spreading, the source nois will decay with distance due to atmospheric
losses. A current widely accepted procedure for calculating atmospheric absorption
(also called oeess attenuation) Is given in reference 3. This procedure provides
values of absorption as functions of frequency, temperature, and relative higmidity.
These ivary from about 0. 1 dB/1000 ft at low frequencies to more than 20 dBAOOO ft
at high frequencies, depending on the temperature and relative humidity.

Although a temperature and relative humidity profile between source and observer ua
be defined and the atmospheric absorption calculated Incrementally, it is usually *&I-
oulated assuming constant temperature and humidity ovor tbo propagation path. The
data acquired for correlations typically had propagation distances of1500 to 150 ft and
were obtained under normal atmospheric conditions (I.ea., no temperature Inverdoes,
stable atmosphere). For a normal atmosphere, an alIUmde change of1150 ft result
In a chang of about 6 degrees In temperature and 3 percent In relatv, humidity. Ca
a stnlrd day (1? dogmee Faresibelt and 70 percent relativ humidity),, the varlalis
Insatmospierio Aborption rate over an altitde chaop 4d IM* ft to ealy a few tuf d1
A d WSW belu 110 1110104010% to about 34 a & 10 003M. ves tow amblent cendltus
lor wbib tarp TOMs 01 atMMoeri atemsties are elmis4 (Up to Abf 44 db pow
1000 i for 50 degmes Fareahlt and 30 percent relative lumIf), the cheap ft ads'.
pherie absorption As from about 1 dB at 1000 Us to 1545B at 100W Us moet the IM* ft
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distance. Thus, the assumption of constant temperature and humidity over the pro-
pagation path is not considered a serious problem for this study, as for most cases
the resulting "error" is less than one dB (and that only at very high frequencies) with
a possible maximum "error" of less than 8 dB at 10, 000 Hz.

Refraction. - Refraction occurs when a propagating wave encounters a temperature
gradient at a non-normal angle. This phenomenon results in an apparent change in
directivity and a change In the actual transmission path length. Apin, for the pur-
pose of this study, this effect is not particularly significant as the data was acquired
relatively close to the source with normal atmospheric conditions.

Dooler Frequency Shift. - Motion of a source relative to an observer causes an
apparent source frequency shift. This Is readily calculated and can be easily correct-
ed for. It does present a problem, however, when attempting narrow-band analyses
of flyover data as the frequency may shift from one band to another and cause
"smearing" of tones. Also, the change in wavelength affects ground reflection effects
(to be described later). A second effect of the Doppler shift is to cause an Increase
in the apparent sound level at the observer as the source is approaching and a de-
crease in the level as the source is receding. These apparent changes in the source
directivity are usually called convective or dynamnic amplification effects.

Shielding - A barrier between the source and the observer will affect the noise pro-
pagation. Although diffraction may prevent total blockage of the sound, large surfaces
such as wings can effectively block the transmission of high frequency noise. Thus,
the wing on an airplane with aft mounted engines may shield the engine inlet noise
from an observer on the ground during a flyover, as illustrated in figure 2-4. It may
be noted that for the configuration depicted In figure 2-4, an observer to the side of the
airplane will hear only the engine on his side of the airplane. The engine on the op-
posite side is shielded by the fuselage. The fuselage and wing will reflect noise back
to the observer. Thus, the effective transmission paths for engine noise for this n-
stallation are vastly different to the side as compared with engine noise heard below
the aircraft. Since static data is typically acquired to the side of an airplane or on a
test stand, while In-flight data is typically acquired during flyover, significant dif-
ferences in noise levels measured between static and flight may result from shielding
effects.

Ground Reflection

In a typical flyover noise measurement program, as for noise certification, the micro-
phone Is located at some distance above the ground. This results in ground reflection
effects, which are caused by interference between the direct acoustic wave and that
reflected by the ground.

The phenomenon is depicted In figure 2-5. As may be seen in this figu, the source
(assumed to be of uniform directivity for this discussion) emits a ray which travels
directly to the observer. A second ray Is emitted which also travels to the observer,
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but this one first hits the ground plane (assumed to be a perfect reflector) which re-
flects it to the microphone. This is equivalent to there being two sources, the actual
source and an image source of equal amplitude and phase to the actual source located
beneath the ground plane. It is readily apparent that the distance traveled by the
direct ray is [x2+(H-h)2] '* while that traveled by the reflected ray is [x2+(H-h)2 ].
It is obvious that when H and h are both greater than zero, the reflected ray will travel
a greater distance than the direct ray. When this occurs, the phase@ of the direct sad
reflected signal at the observer will generally be different. Specifically, when the
path length difference is equal to a half-wavelength, the two signals arrive at the
observer exactly obt of phase and subtract. Conversely, when the path le is equal
to a full wavelength, the two signals arrive in phase and add. Assuming that the path
length difference Is small compared to the distance between source and observer, a
perfect ground plane, and uniform source directivity, when the two sigils are out of
phase they cancel completely, while when in phase the signal is doubled In amplihois.
Thus, 'for a given geometry, the frequency spectrum at the observer will show peeks
at those frequencies where the path length difference is an Interger multiple ot full
wavelengths (full reinforcements) and n-lls where the path length difference is an odd
multiple of a half-wavelength. Compared to free-field (I. e., no ground plane), the
observer will hear an effect equal to: AdB - 10 log10 (2 + 2 cos 6), where 0 - 7 f Ar/c
and f is the signal frequency, Ar is the path length difference, and c is the speed of
sound. It Is apparent from the above equation that for the theoretical case for s1ngle
frequencies (i. e., tones) the AdB varies from - a (full cancellation) to +6 (full re-
Inforcement). The variation for broadband noise integrated over the width of o-
third octave bands is less, typically in the range -14 to +6 dB.

In actuality, the above extremes do not occur. Typically, ground reflection effects
are seen at low frequencies and result in levels which are 5 dB above to 10 dB below
free-field levels. At high frequencies, several reinforcements and cancellations
occur within one band and are therefore averaged (giving a constant +3 dB increase
over free-field levels). For certification requirements, a microphone height of 4 ft
is specified. For flyovers, at the time the source is over the microphone the path
length, difference is about 8 ft, which gives cancellations at multiples of about 80 H.
Although this produces a Jagged low frequency spectrum for smooth broadband noise
such as that from a jet, it has no strong effect on the measured perceived noise level
(PNL) except to increase It up to3 dB over that which would be measured under free-
field conditions. However, 80 Hz is in the range where propellers and helicopter
rotors have significant tone noise. As these tones usually set the PNL, wide varia-
tions can occur, particularly since the cancellation effect on pure tones is very sharp.
The application of ground reflection corrections to pure tone sources has not been
particularly successful, especially in the regions where cancellation, are thought to
occur. This task, is difficult because the cancellation is very sensitive to small phase
differences, which are not generally known with sufficient oray.

It is thus apparent that the ground reflection effect will vary during a flyover, an the
geometry and frequencies are changing. It is thus not practical to correct the data tO
free-field conditions for low-frequemy tone., Also, dse 1*411 dtta is obtained

18
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typically during 1000 ft altitude flyovers while static data is obtained with the source
at a few feet above the ground, the two sets of data will show significant differences
In the measured low-frequency tone noise levels.

One way which appears promising for reducing the ground reflection problem for
sources of low frequency tones during flyovers Is to use a ground level microphone.
kn this approach, the microphone Is located flush with or as near as possible to an
Ideal reflecting surface (I. e., a large, flat, and bard area, such as a concrete or
asphalt pad). With this configuration, the direct and reflected low frequency signals
remain In phase, giving a correction to free-field of nearly -6 dB which Is Independent
of frequency and aircraft position.

1
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PHASE I - DATA BASE EXPANSION

INTRODUCTION

Forward-flight affects the noise produced by rotary propulsors in two ways. The first
way is a change In noise generating mechanisms which affects the noise sources direct-
ly. The second way is an effective change in aerodynamic loading conditions, partic-
ularly important for open rotors such as propellers and helicopter rotors. This is not
due to change in the noise generation mechanisms, but rather an aerodynamic change
which results in a change in the inputs to the noise calculation procedures.

The work reported in reference 1 includes the forward-flight effects of the second type,
as these are inherent in the methodology. Forward-flight effects of the first type were
not treated rigorously, but an attempt was made to include them for each propulsor,
where applicable. Limited data availability precluded evaluation of these effects at
the time that reference 1 was written.

In the time since reference 1 was completed, additional data has become available.
Thus, by using this data the forward-flight effects could be Investigated in more detail
and the methodology evaluated.

As a first task in this study, therefore, a literature search was conducted to identify,
collect, catalog and evaluate data which could be used to evaluate the methodology with
emphasis on recent measurements of noise in flight.

LITERATURE SEARCH

A literature search was conducted using the Engineering Index and STAR abstract cat-
alogs and the United Technologies Corporation library system listings. Also, papers
from recent technical society meetings, which might not have reached the abstract
indices, and data from the Hamilton Standard unpublished data base were included.
Personal contacts with some authors and others in the aircraft industry were made to
seek out unpublished data.

Data was sought first to evaluate forward-flight effects on the noise of those sources In
the V/STOL noise prediction methodology which were expected to be affected by flight,
and second to establish a base of high quality data for the methodology evaluation, in-
cluding that from free-air propellers, variable-pitch fans, fixed-pitch fans, helicoters,
lift-fans, jets, core engines and gearboxes. Standardization methods were also sought,
so that the available data could be adjusted for ground reflection, atmospheric absorp-
tion and variance of fnight path for comparison with calculations.
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DATA EVALUATION

All data was subjected to a preliminary evaluation. Items which passed the prelimin-
ary evaluation are listed In tables 3-Ia and 3-1b. Data which were found in the open
literature are listed in table 3-ia, while data In the Hamilton Standard data bank are
listed In table 3-1b. These data were selected because they were recent, the measure-
ments were made using modern techniques, and they were believed suited to the re-
quirements of this study. In some cases, however, data were included because they
were the only samples available for certain noise sources. For ezample, wind tunnel
model data for variable pitch fans and lift fans were included because there were no
outdoor flyover data.

DATA BASE PREPARATION

Each item in table 3-1 was examined In some detail to determine its suitability for
evaluation of forward-flight effects and for comparison with calculations made using
the prediction methodology. These data were considered useful only If they included
all the operating and test parameters at the time of data acquisition. These parameters
are needed as inputs to the prediction procedure. This Included information on aircraft
speed and position, engine operating conditions, atmospheric conditions and Instrumen-
tation used in test, Including microphone height (for grcund reflection effects correc-
tions). It may be noted that most of the items do not include all the information needed
to perform the calculations, but if general engine operating conditions, such as take-off,
approach, 80% power, etc. were identified, then the specific data could be obtained
from the engine manufacturer.

Preferred data was that in which both static and flight notse were measured for a
particular propulsor. Also, data presentation in the form of narrowband, or at least
one-third octave band, spectra was desired for diagnosis of the methodology In the case
of aircraft with multiple sources. Some data originally considered promising were
eliminated because noise from the different sources could not be separated. Finally,
for each type of rotary propulsor, data from several configurations covering a range
of design and operating parameters were obtained where possible. For example, data
on low-bypass-ratio multiple-stage fans, low-bypass-ratio single-stage fans, and
high-bypass-ratio fans were sought to cover a range of fixed-1pitch fan parameters.

The data which was selected as being the beet qualified for the needs of this study fol-
lowing the above criteria is identified in table 3-1. It may be noted that for a few pro-
pulsor types only relative levels obtained under static and flight conditions are aval-
able. These data are used only for evaluation of forward-fht effects. The remaining
data identified In table 3-I were used both for evaluation of forward Mg effects adfr
methodology evaluation.
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TABLE 3-Ia

FAA VISTOL ROTARY PROPULSOR NOISE PREDICTION - DATA CATALOG

PROPELLERS

1) 1agliozzi The Influence of Forward Flight on Propeller
Feb. 1977 Noise

NASA CR-145105

2) Galloway Investigation of Propeller Noise as a Function
Mar. 1976 of Engine Power and Test Density Altitude

8BN Report 3170

3) Conner, Hilton, Copeland, Noise Characteristics of the 0-1 Airplane and
and Clark Some Approaches to Noise Reduction
Apr. 1975 (1966 Data) NASA TMX-72638

4) Hilton, Conner, Copeland, Noise Reduction Studies for the OV-1 Airplane
and Dibble NASA TMX-72639
Apr. 1975 (1967 Data)

5) Hilton, Conner, Hubbard, Noise Reduction Studies for the U-10 Airplane
and Dingeldein ThX-72640
Apr. 1975 (1967 Data)

6) Conner, Hilton, and Noise Reduction Studies for the CESSNA Model
Dingeldein 337 (0-2) Airplane
Apr. 1975 (1969 Data) NASA TI.X-74641

7) Hilton, Henderson, and Ground Noise Measurements During Static and
Lawton Flyby Operatlong of the CESSNA 02-T Turbine
Apr. 1975 (1969 Data) Powered Airplane

NASA TMX-72642

8) Hilton, Henderson, and Ground Noise Measurements During Landing, Takeoff,
Maglieri and Flyby Operations of a Four-Engine Turbo-

Dec. 1971 propeller STOL Airplane
NASA TND 6486

9) Pegg. Magliozzi, and Some Measured and Calculated Effects of Forward
Farassat Velocity on Propeller Noise
Mar. 1977 ASME 77-ST-70

10) Cicci and Toplis Noise Level Measurements on a QuIet Short Haul
Apr. 1976 Turboprop Transport

SAE 760455

23



TABLE 3-1a
FAA V/STL ROTARY PROPULSOR NOISE PREDICTION - DATA CATALOG

PROPELLERS

11) Metzger, Migliozzi, and Progress Report on Propeller Aircraft
Pegg Flyover Noise Research

April 1976 SAE 760454

12) Gray Results of Noise Surveys of Seventeen
Dec. 1972 General Aviation Type Aircraft

FAA-EQ-73-1

13) Bishop Variability of Flyover Noise Measures
Mar. 1971 for Repeated Flights of Turbojet and

Piston Engine Transport Aircraft
NASA CR-1752

14) Atenclo, Soderman Comparisons of Wind Tunnel and Flyover Noise
June 1972 Measurements of the YOV-1OA STOL Aircraft

NASA TMX-62166

15) Falarski, Koenig, Aspects of Investigating STOL Noise Using
Soderman Large Scale Wind Tunnel Models

June 1972 NASA TMX-62164

16) Fleming, Scholten Measurements in the Course of the German/Swiss
Jan. 1978 Research Program (BMV 8/75) Results Delivered

by DFVLR Braunschweig-Private Comunication

17) Tanner Noise Characteristics of Several General
(Date not given) Aviation Aircraft

Hydrospace - Challenger Report TR-S-235

18) Bartels, Borchers, Studies of the Noise Generation of Light
Scholten, Uhse Aircraft Propellers
Oct. 1977 AIM 77-1320

VARI LE PITCH FANS

1) Edkins, Hirschkron, Lee TF34 Turbofan Engine Study .o
1972 NASA CR-10914

2) Hetdmann and Fetler Noise Comparisons from Full-Scale Fan lUts.
Oct. 1973 at NASA-Lewis Research Center

AIM 73-1017

3) Heidmann and Dietrich Simulation of Flight-Type Engine Fan Nlse f
Nov. 1976 the NASA-Lewis 9X15 Anechoic Wind Tunnel

NASA TMX-73540

4) Heidmann, Dietrich Effects of Simulated Flight on Fan Noise
Oct. 1977 AIM 77-1334

5) Shaw, Woodward, Slowr, Inlet Turbulence and Fan Noise Measured in an
and Dastoli Anechoic Wind Tunnel and Statically with an
Oct. 1977 Inlet Flow Control Device

AIM 77-1345
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TABLE 3-Ia
FAA V/STOL ROTARY PROPULSOR NOISE PREDICTION - DATA CATALOG

VARIABLE PITCH FANS (cont.)

6) Glaser, Woodward, Lucas Acoustic and Aerodynamic Performance of a
Feb. 1977 Variable Pitch 1.83 Meter (6 ft) Diameter 1.20

Pressure Ratio Fan Stage (QF9)
NASA TND-8402

7) Demers, Hetzger, Smith, Testing of the Hamilton Standard Q-FanTh
Wainauski Demonstrator

MPar. 1973 NASA CR-121265

8) Metzger, Hanson. Low Pressure Ratio Fan Noise - Experiment and
Jan. 1973 Theory

ASME Journal of Engineering for Power - Jan. 1973

FIXED PITCH FANS

1) Cumpsty and Lowrie The Cause of Tone Generation by Aero-Engine Fans
July 1974 at High Subsonic Tip Speeds and the Effect of

Forward Speed
AS1E 73-WA/GT-4

2) Kester Status of the JTSD Refan Noise Reduction Program
Oct. 1974 Internoise - 1974

3) Lowrie Simulation of Flight Effects on Aero-Engine Fan
Mar. 1975 Noise

AIAA 75-463

4) Feller and Merriman Effects of Forward Velocity and Acoustic Treatment
Aug. 1974 on Inlet Fan Noise

NASA ThX-71591

5) Merriman and Good Effect of Forwrd otion on Fan Noise
Mar. 1975 AIAA 75-464

6) Strout Flight Effects on Noise Generated by the JTSD-17
Jan. 1976 Engine in .a Quiet Nacelle and a Conventional

Nacelle as Measured in th.e NASA-Ames 40X80 Wind
Tunnel
NASA CR-137797

7) Hodder Further Studies of Static to Flight Effects on
Dec. 1976 Fan Tone Noise Using Inlet Distortion Control

for Source Identification
T.X-73183

8) Feller and Groeneweg Sumary of Forward Velocity Effects on Fan Noise
• Oct. 1977 NASA T 73722

9) Motsinger, et al Low Ti pSpeed Fan Noise Demonstration Progrm

Feb. 1969 NASA CR72456
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TABLE 3-1a

FAA V/STOL ROTARY PROPULSOR NOISE PREDICTION - DATA CATALOG

FIXED PITCH FANS (cont.)

10) Hosler A Comparison of Two Independent Measuruents
June 1972 and Analysis of Jet Aircraft Flyover Noise

NASA TND 8379

11) Hastings, et al Noise Data for a Twin-Engine Commercial Jet
May 1977 Aircraft Flying Conventional, Steep and Two-

Segment Approaches
NASA THD 8441

12) McCollough. True Effect of Temperature and Humidity on Aircraft
Sept. 1975 Noise Propagation

FAA-RD-75-100

13) Burdsall, Brochu, Results of Acoustic Testing of the JTSD-109
Scaramella Refan

Nov. 1975 NASA CR-134875

14) Anon., Douglas Aircraft DC-9 Flight Demonstration Program with Refanned
July 1975 JT8D Engines - Final Report, Vol. IV, Flyover

Noise
NASA CR-134860

15) Strout Flight Effects on Noise Generated by the JTBD-17
June 1976 Engine in a Quiet Nacelle and a Conventional

Nacelle as Measured in the NASA-Ames 40X80 Foot
Wind Tunnel - Summary Report
NASA CR-2576

16) Goodman, et al Aircraft Noise Definition Phase I - Analysis of
Aug. 1973 Existing Data for DC-8, DC-9 and DC-1 Aircraft

FAA-EQ-73-5

17) Sofrin, Riloff Two Stage Low Noise Advanced Technology Fan,
Sept. 1975 Vol. III Acoustic Data

NASA CR-134829

18) DeLapp Aircraft Noise Definition, Phase 1I
Aug. 1974 Analysis of Flyover Noise

FAA-EQ-74-5

19) Sofrin, Riloff Two Stage Low Noise Advanced Technology Fan
Sept. 1975 Vol. V Acoustic Final Report

NASA CR-134831

20) Nunoz 727/JTSD Jet and Fan Noise Flight Effects Study
Aug. 1976 FAA-RD-76-110

21) Woodward, Lucas, 'Acoustic and Aerodynaic Perfomance of a 1.5
Salombin Pressure Ratio, 1.83 ister (6 ft) Diamter Fan

Apir. 1977 Stage for Turbofan Engines
NASA TNX-3521
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TABLE 3-Ia
FAA V/STOL ROTARY PROPULSOR NOISE PREDICTION - DATA CATALOG

FIXED PITCH FANS (cont.)

22) Goldstein, Lucas, and Acoustic and Aerodynamic Performance of a 6-Foot
Balombin Diameter Fan for Turbofan Engines
Nov. 1970 II-Performance of QF-l Fan in Nacelle without

Acoustic Suppression
NASA TND-6080.

23) Juttras Single Stage Low Noise Advanced Technology Fan
May 1976 Vol. 5 Fan Acoustics

NASA-CR-134895

24) Blankenship, Low, Effects of Forward Motion on Engine Noise
Watkins, Merriman NASA-CR-134954

Oct. 1977

25) Montegani Noise Generated by Quiet Fans
Mar. 1972 NASA TMX-2528

26) Roundhill, Schaut Model and Full Scale Test Results Relating to
Mar. 1975 Fan Noise In-Flight Effects

AIAA 75-465

27) Merriman, Good, Low, Forward Motion and Installation Effects on
Lee, and Blankenship Engine Noise

July 1976 AIM 76-584

28) Kazin, Minzer, Peas Acoustic Testing of a 1.5 Pressure Ratio, Low
(No date given) Tip Speed Fan (QEP Fan B Scale Model)

NASA-CR-1 20789

29) Bishop Descriptions of lyover Noise Signals Produced
Aug. 1976 by Various Jet Aircraft

FAA-DS-67-18

30) Plucinsky Quiet Aspects of. the Pratt & Whitney Aircraft
Apr. 1973 JT15D Turbofan

SAE 730289
31) Blankenship Effect of Forward Motion on Turbomachinery Noise

Oct. 1977 AIAA 77-1346

HELICOPTERS

1) Bowes Test and Evaluation of a Quiet Helicopter
Mar. 1973 Configuration

HH-43B - JASA V.54 N.5

2) Henderson, Peg9, and Results of the Noise Measurement Program on a
Hilton Standard and Modified OH-6A Helicopter

Sep. 1973 NASA TND-7216

3) True and Rickley Noise Characteristics of Eight Helicopters
July 1977 FAA RO-77-94
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TABLE 3-Ia
FAA VISTOL 00rOTMY PROULSOR NOISE PREDICTION -DATA CATALOG

HELICOPTERS (cont.)

4) True, Rickley, and Helicopter Noise Measurements Data Report
Letty Vols. I and 11 - FAA-RD-77-57
Apr . 1977

5) Leverton and Pollard A Comparison of the Overall and Broad Band
Feb. 1973 Noise Characteristics of Full Scale and Model

Helicopter Rotors
JSV (30) 2

6) Hilton, Henderson, Pegg' Ground Noise Measurements During Flyover, Hover.
Feb. 1971 Landing and Takeoff Operations of a Standard and

Modified HH-438 Helicopter
NASA TMX-2226

7) Pegg, Henderson, Hilton Results of the Flight Noise Measurment Program
Dec. 1973 Using a Standard and Modified SH-3A Helicopter

i NASA TND-7330

8) Widnall, Saur, Lee Experimental Studies of Rotational Noise In
Oct. 1972 Forward flight

Mideast Region Symposiumi, American Helicopter
Society, Oct. 1972

9) Cox Rotor Noise Measurements in Wind Tunnels,
June 1969 Proceedings 3rd Cal/AVLABS Symposium, Vol. I

Aerodynamics of Rotary Wing and VSTOL Aircraft

10) d'Ambra, Dedieu, Julienne Measures De Oruit D'Helicopteres En Vol
Sept. 1972 AGARD CP-111

11) Barlow, M4cCluskey, Ferris OH-6A Phase 11 Quiet Helicopter Program
Sept. 1972 USAANRDL TR-72-29

12) Leverton, Pollard, Wills Main Rotor Wake/Tail.Rotor Interaction
Aug. 1975 Vertica 1977 Vol. I

LIFTING FANS

1) Krishnappa Lifting Fan Noise Studies with Superimposed
Jan. 1972 Cross'Flows

AIMA 72-128

2) Krishnappa Noise Characteristics of an Experimental Lifting
tept. 1973 Fan Under Crossflow Conditions

AGARO CP-135

3) Stimpert Effect of Crossflow Velocity on VTOL Lift-Fan
4Feb. 1973 glade Passing Frequency Noise Generation

NASA CR-11456

4) Class Acoustic Evaluation of LF 336/E
July 1973 GE Th335
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TABLE 3- Ia

FM V/STOL ROTARY PROPULSOR NOISE PREDICTION - DATA CATALOG

LIFTING. FANS (cont.)

5) Krishnappa Acoustic Tests on a Fan-In-Wing Model: Effects
Feb. 1974 of an Extended Inlet

National Research Council of Canada
D14E LR-576

6) Atenclo Noise Measurements From a Large-Scale Lift Fan
Transport in the 40X80 Foot Wind Tunnel
NASA TIX-62284

7) Stimpert, Fogg Effect of Crossflow Velocity on the Generation
Feb. 1973 of Lift Fan Jet. Noise in VTOL Aircraft

NASA CR-114571

JETS

1) Jaeck Empirical Jet Noise Predictions for Single and
Aug. 1977 Dual Flow Jets with and without Suppressor Nozzles

Vol. II, Dual Flow Subsonic and Supersonic Jets,
Boeing Document D6-42929-2

2) Drevet, DuPonchel, The Effect of Flight on Jet Noise as Observed on
and Jacques the Bertin Aerotrain

July 1976 JSV 54(2)

3) Hoch, Berthelot Use of the Bertin Aerotrain for the Investigation
July 1976 of Flight Effects on Aircraft Engine Noise

JSV 54(2), AIAA 76-534

4) Stone Flight Effects on Exhaust Noise for Turbojet and
Nov. 1976 Turbofan Engines - Comparison of Experimental

Data with Prediction
NASA TMX-73552

5) Stone, Miles, and Effects of Forward Velocity on Noise for a J85
Sargent Turbojet Engine with Multitube Suppressors from

Nov. 1976 Wind Tunnel and Flight Tests
NASA TMX-73542

6) Dahlen Some Experiments on the Noise Emission of Coaxial
June 1972 Jets. Presented at 1st INT Symposium on Air Breathing

Engines
Marseille 1972

7) Bushell A Survey of Low Velocity and Coaxial Jet Noise with
Sept. 1970 Application to Jet Prediction. Symposium on

Aerodynamic Noise.
Loughborough Univ. of Technology,
Paper B.3

8) Bushell Measurement and Prediction of Jet Noise in Flight
Mar. 1975 AIAA 75-461
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TABLE 3-1&
FM V/ST9L OTARY PROPULSOR NOISE PREDICTION - DATA CATALOG

(con.)

2) J3eck Static and Wind Tunnel Near-Field/Far-Field Jet
Sept. 1976 Noise Measurements from Model Scale Single-Flow

Baseline and Suppressor Nozzles.
Vol. 1. Noise Source Locations and Extrapolation

of Static Free-Field Jet Noise Data -
.NASA CR-137913

Vol. 2 Forward Speed Effects
NASA CR-137914

10) Burley and Karabinus Flyover and Static Tests to Investigate External
Jan. 1973 Flow Effect. on Jet Noise for Nonsuppressor and

Suppressor Exhaust Nozzles
AIAA 73-190

11) Beulke, Clapper, McCann, A Forward Speed Effects Study on Jet Noise from
Morozumi Several Suppressor'Nozzles in the NASA/Ames 40X80

Wind Tunnel
NASA CR-114741

12) Strout, Atencio Flight Effects on JT8D Engine Jet Noise Measured
July 1976 in a 40X80 Tunnel

J. Aircraft (14) 8

13) Packman Ng, Paterson Effect of Simulated Forward Flight on Subsonic
June i97 Jet Exhaust Noise

AIAA 75-869

14) gelleval, Chen, Perulli Investigation of In-Flight Jet Noise Based on
Sept. 1975 Measurements in an Anechoic Wind Tunnel: Presented

at the Sixth International Congress on Instrumentation
for Aerospace Test Installations
Ottawa

15) Chamberlin Flyover and Static Tests to Study Flight Velocity
Aug. 1973 Effects on Jet Noise of Suppressed and Unsuppressed

Plug Nozzle Configurations
NASA TMX-2856

16) Jaeck Static and Wind Tunnel Near-Field/Far-Field Jet
June 1977 Noise Measurements from Model Scale Single-Flow

Baseline and Suppressor Nozzles - Sumry Report
NASA CR-2841

17) Atencto The Effect of Forward Speed on J86 Engine Noise
Feb. 1977 from Suppressor Nozzles as Measured in the NASA-

Ames 40X80 Foot Wind Tunnel
NASA TND-84U2

18) Burley, Johns Flight Velocity Effects on Jet Noise of Several
Jan. 1974 Vari ations of a 1-Chute Suppressor Installed on

a Plug Nozzle
~NASA I1M-2918
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TABLE 3-Ia

FAA V/STOL ROTARY PROPULSOR NOISE PREDICTION - DATA CATALOG

JETS (cont.)

19) Brausch Flight Velocity Influence on Jet Noise of Conical
Aug. 1972 Ejector, Annular Plug and Segmented Suppressor

Nozzles
NASA CR-120961

20) Glass Noise Characteristics of Several Executive Jet
Al rcraft
Hydrospace - Challenger Report TR-S-236

21) Zwieback Flyover Noise Testing of Co ercial Jet Airplanes
Sept. 1973 J. Aircraft (10) 9

22) Atenclo, Kirk, Comparison of Flight and Wind Tunnel Measurements
Sodermar, Hall of Jet Noise for the XV-SB Aircraft

Oct. 1972 NASA TMX 62182

23) Brooks, Woodrow The Effects of Forward Speed on a Number of
Mar. 1975 Turbojet Exhaust Silencers

AIM 75-506

24) Cocking, Bryce Subsonic Jet Noise In Flight Based on Some Recent
Mar. 1975 Wind Tunnel Results

AIM 75-462

25) Cocking The Effect of Flight on the Noise of Subsonic Jets
Oct. 1976 National Gas Turbine Establishment (NGTE Report 343)

26) Larson, McColgan, Packman Jet Noise Source Modification Due to Forward Flight
Mar. 1978 AIM Journal (16)3

27) Reed Effect of Forward Velocity on the Noise Characteristics
Aug. 1974 Dual-Flow Jet Nozzles

ASME 74-WA/AtRO-4

CORE ENGINE

1) Mathews, Rekos Direct Combustion Generated Noise in Turbo-
July 1976 propulsion Systems - Prediction and Measurement

AIM 76-579

2) Low Effects of Forward Motion on Jet and Core Noise
Oct. 1977 AIM 77-1330

3) Reshotko, Karchmer, Core Noise Measurements on a YF-102 Turbofan
Penko, and McArdle Engine

NASA TNX-73587

4) Kazin, et al Core Engine Noise Control Program
Aug. 1974 Vols. I, I1, and III

FAA-RD-74-125

OWN,
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TABLE 3-Ia

FAA V/STL ROTARY PROPULSOR NOISE PREDICTION - DATA CATALOG

CORE ENGINE (cont.)

5) Grande Core Engine Noise
jOct. 1973 AIAA 73-1026

6) Grande Exhaust Noise Field Generated in the JT8D Core Engine -
Dec. 1972 Noise Floor Presented by the Internal Noise Sources

JASA (56) 1

7) Cumpsty, Marble Core Noise from Gas Turbines
May 1977 JSV (54) 2

8) Sowers, Coward Quiet Clean Short-Haul Experimental Engine (QCSEE)
Dec. 1977 Core Engine Noise Measurements

NASA CR-135160

9) Von Glahn, Goodykoontz Forward Velocity Effects on Jet Noise with
Nov. 1972 Dominant Internal Noise Source

NASA TMX-71348

10) Mathews, Rekos, Nagel Combustion Noise Investigation
Feb. 1977 FAA-RD-77-3

11) Kazin, Emu ling Low Frequency Core Engine Noise

July 1974 ASME 74-WA/AERO-2

GEARBOX

1) Bows, Giansante, Helicopter Transmission Vibration and Noise
Bossler, Berman Program

June 1977 USAAMRDL-TR-77-14

2) Badgley, Hartman Gearbox Noise Reduction: Prediction and
June 1973 Measurement of Mesh-Frequency Vibrations within

an Operating Helicopter Rotor-Drive Gearbox
ASME 73-DET-31

3) Hartman A Dynamics Approach to Helicopter Transmission
*May 1973 Noise Reduction and Improved Reliability

AHS #772

DATA STANDARDIZATION

1) Miles Analysis of Ground Reflection of Jet Noise
Apr. 1975 Obtained with Various Microphone Arrays Over

Asphalt Surface
NASA TMX-71696

2) Miles, Stevens, and Analysis and Correction of Ground Reflection
LWininger Effects in Measured Narrow Band Sound Spectra

Nov. 1975 Using Cepstral Techniques
NASA TMX-71810

32
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TABLE 3-1a
FAA VISTOL tOT7 AR E LSO7 NISE PREDICTION DATA CATALOG

DATA STANDA IZATION (cant.)
3) iles blttonal Function Representation of Flap Noise

Jan. 1974 Spectra Including Correction for Reflection Effects
AIM 74-193

4) Kraft Acoustic Grbund Reflection Correction of Broadband
Oct. 1970 Noise Based on Empirical Determinat'ion of Ground

Impedance
GE TM 70-815

S) Smith Interrational Aircraft Noise Heasurement
Oct. 1977 Procedures - Expensive Acquisition of Poor

Quality Data
AIAA 77-1371

6) Society of Automotive Acoustic Effects Produced by a Plane
Engineers, SAE Aerospace Information Report
Committee A-21 AIR-1327

Sept. 1975

7) Society of Automotive Standard Values of Atmospheric Absorption as a
Engineers, Function of Temperature and Humidity
Committee A-21 SAE Aerospace Recommended Practice ARP-866A
Oct. 1973

8) Sutherland Review of Experimental Data in Support of a
May 1975 Proposed New Method for Computing Atmospheric

Absorption Losses
DOT-TST-75-87

9) Bass, Evans, Marsh Background for Theoretical Equations Used to
May 1976 Calculate Atmospheric Absorption' of Sound

Prepared for Working Group SI-57
American National Standards Institute

10) DeLoach A Review of Current Procedures for Normalizing
May 1977 Aircraft Flyover Noise Data to Reference

Meteorological Conditions
NASA TND-8406

11) KaJland Measured Variations in Aircraft Noise Near
Aug. 1974 Arlanda

JASA (56) 2

12) Soderman, Noble Directional Microphone Array for Acoustic
Mar. 1975 Studies of Wind Tunnel Models

4. Aircraft (12) 3

13) Copeland, Hilton, Noise Measurement Evaluations of Various
Huckel, Dibble, Take-off - Climbout Profiles of a Four-Engine
aglieri Turbojet Transport Airplane

Dec. 1966 NASA TND-3715L
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TABLE 3..Ia
FM V/STOL OTAY POPULIOI INOISE PREfICTION -DATA CAT. O

ATA-SBLZDt1W1± (cont.)

14) eCollough, True Effect of Temperature and Humndty on Aircraft
Sept. 1975 Noise Propagation

FM-RD-75-100

15) Watkins Investigation of' Excess Attenuation of Noise
Oct. 1977 in the Atlisphere

AIM 77-1347
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TABLE 3-11

DATA TO BE USED FOR METHODOLOGY EVALUATION

Catalog
Item Author(s) Aircraft Type

Prpel7j1 Magliozzi DeHavilland DHC-6 Twin Otter
Hilton, et al Cessna 337 02-T

16Flemmuing, Scholten Pilatus Porter PC-6
Hamilton Standard Data Bank DeHavilland DHC-6 Twin Otter
Hamilton Standard Data Bank DeHavilland DHC-7 DASH-?

Variable 4) Heldmann. Dietrich NASA Rotor 55 (20 inch)
Pitch Fan 7) Demers, et al Hamilton Standard Q-Fan(Th) (4.6 ft.

Hamilton Standard Data Bank Hamilton Standard Q-Fan(TH) (1.5 ft.)

Fixed 1) Cumpsty, Lowrie Rolls-Royce R6211
Pitch Fan 3 ~ Lowrie Rolls-Royce R8211

4Fieler, Merriman Pratt & Whitney Aircraft
JT3D-3B, JT9D-20, JT8D-9
General Electric CF6-6

6 ~ Strout Wind Tunnel PIWA JT80-17
13Burdsall, et al Test Stand P&WA JT8D-109
14McDonnell-Douglas DC-9 - P&WA JT8D-109

20) Munoz 8-727 - P&WA JT8D-109
24) Blankenship, et al DC-9-30 - PIWA JTBD-109

DC-10-40 - P&WA JT9D-59A
DC-l0-10 - G.E. CF6-6D

30) Plucinsky Cessna Citation -PIWA JT15D

Helicopter 2) Henderson, et al Hughes OH-6A
3) True, Rickley Hughes 300C

Hughes 500C
Bell 47-G
Bell 206-L
Bell 212 (UHiN)
Sikorsky S-61 (SH-3A)
Sikorsky S-64 (CH-54B)
Boeing Vertol CH-47C

7) Pegg, et al Sikorsky SH-3A

Lift Fans 2) Krishnappa 12 Inch Model Fan
6) Atencio G.E. X376-B

Jots 2 Drevet, et al Aerotrain - G.E. J85
9 Jaeck Wind Tunnel - G.E. J85 Nozzles

13 Pacbian, et al Wind Tunnel Model Jet
23 Brooks, Woodrow Rolls-Royce Viper 601
25 Cocking Wind Tunnel Model Jet

Core Engine 2) Low PIWA JT8D-109, JT9b-59A
9) Von Glahn, Goodykoontz Model Jet

L 37
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GENEBAL OBERVATIONS ON THE AVAILABLE DATA

Altho-a the data listed in table 3-U are the best that were found in the literature &W
Is the Hamilton Standard dat bank, there are numerons limitations which preent NUl
evaluation cd the V/BTOL rotary propulsor noise prediction methodology.

As may be recalled. the subject noise prediction methodology was developed for urn-
Instellesl proimlsors and calculates free-field noise levels. The data, particularly
those for propilsorm in M&gh, contain masurements of noise from aircraft, which
may contain several sources as well as have significant intalation effects. Also,
althoh MAempts were made to correct the data for ground reflection effects, these
were not always succesfu, particularly for the propilsora having strong low freqpency
tones (propellers and helicopter rotors). These problems, as well as a more complete
evaluatioa of the data., will be described In more detail in the appropriate sections of
the Phase U and Phase MI discussions.
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PHASE 11 - EVALUATION OF V/STOL ROTARY PROPUISOR FORWARD FLIGHT

EFFECTS

INTRODUCTION

The forward flight effects on V/STOL rotary propulsor noise sources derived under
the previous contract (reference 1) were evaluated In the present program using the
selected data described earlier in the Data Base Expansion discussion. This was
done typically by calculating the noise for a propulsor statically and in flight for the
configuration and operating conditions for which the test data was acquired.

The changes in noise levels calculated for forward flight effects vs. those measured
indicate the performance of the forward-flight effects methodology.

The methodology indicates the sources which are calculated to be affected by forward
flight. It Is not generally possible to derive the forward-flight effects from the data,
as it Is not possible to separate the sources. For instance, propeller noise tones
may consist of steady loading, unsteady loading, and thickness noise, each of which
cannot be separated in the test data. Thus, the forward-flight effects which will be
seen are the results of the combined effects on all the tone noise sources. In some
cases, noise from different propulsor components cannot be separated. Broadband
noise In flight could be generated by the propeller, the engine, or the airframe. The
noise prediction methodology will calculate the flight effects on the propeller and en-
gine noise and compute a total spectrum. If this does not match the test data, it Is
not possible to determine if this is due to Incorrectly calculated propeller or engine
noise, or to strong contribution of airframe noise. Thus, the available test data can-
not be used to identify which portions of the methodology are deficient, but only to
indicate how well the overall forward-flight effects are calculated.

Some of the data which was selected for evaluation of forward-flight effects and for
methodology evaluation was found upon further examination to be of only limited use-
fulness. This was due to either strong installation effects or, in the case of pro-
pellers and helicopters, strong ground reflection effects on tones. As the correla-
tions are discussed in subsequent sections, these specific problems will be Identified.

FORWARD-FLIGHT EFFECTS EVALUATION

Introdcto

In this section, forward-flight effects on the noise generated by V/STOL rotary pro-
pulsors will be discussed and the methodology evaluated using the data from the data
base. The data used for the evaluation of a specific propulsor will be identified by
Its data catalog number which can be found In table 3-L

39
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Free-Air Propellers

The forward-flight effects on propeller noise Included In the methodology are the
changes in steady loading and broadband noise due to the changes in blade loading,.
which occur due to changes in the inflow velocity distribution, and to changes in the
inflow turbulence ingestd by the propeller caused by changes in the inflow contrac-
tion ratio. The change in noise due to blade loading is contained in the analytic
methodology for the propeller noise theory. Turbulence interaction effects are based
on empirical formulations of the turbulence amplitude and length scale changes with
changes in the inflow contraction ratio.

As the changes In steady loading noise are relatively small between static and low-to-
moderate flight speed, only a small change in the level of the noise where this source
dominates would be expected. Unsteady loading noise; however, is expected to change
dramatically from static to forward flight. Thus, at low frequency for the first few
harmonics of blade passing frequency the methodology will show only a small change In
level from static to flight. The higher frequency harmonics, which are dominated by
unsteady loading noise, will show large reductions.

As the broadband noise prediction method uses thrust is an input, the calculated effects
of forward-flight on broadband noise will show a decrease In flight due to the propeller
thrust lapse. This will appear In the measurements as a decrease In the mid-to-high
frequency noise, assuming that the test data is not contaminated by engine or airframe
noise.

The following sections will describe the evaluation of forward-flight which was done
using the data identified in the data catalog under propellers.

Data Catalog Item 1. - The data contained in this report was acquired on the
DeHavilland Twin Otter, a two-engine turboprop airplane.. Noise measure s
were made using two wing-tip microphoned as well as a ground based systea. Tb
general arrangement of the airplane and wing-tip microphone system is shown In
figure 4-1. The ground-based microphone system included a micropm WkMI W
flush with the ground, so that varying ground reflection effects during the ftymf two
avoided.

The aircraft has 8.5 ft. diameter 3-bladed propellers. The design take-off opetII
condition Is 2200 rpm (979 ft/see) and 550 SHP/propeller. Since the engines ti .
free-turbine type, the propeller rpm can be varied. For the purposes of this evalua-
tion, the data at lower rpm *as used, as at the take-off condition the light loa #M
high tipspeed result in high levels of thickness noise. The methodology In the VARUM
Rotary Propulsor NoiSe Predicon computer program does not include thickness 601
as new V/STOL propellers are expected to operate at low tip speeds, where thliks
noise is negligible.
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The wing-tip microphone data is useful for evaluation of forward-fligh effects ca pro-
paller doles harmonic levels, as there is no relative motion between the source and
the microphone. For a qualitative evaluation of forward-flight effects, the nrrow-
band carpet plot of propeller noise vs. time during a take-off shown In figure 4-2 was
generated. In this figure, the airplane Is static at time 0. At this time, the spec-
trum Is seen to contain many harmonics of blade passing frequency. At about time
equal 2 secs., the airplane starts to roll. Almost immediately, the levels of the
upper harmonics decrease significantly. Shortly after the start of the take-off roll,
only the first 6 or 7 harmonics of blade passing frequency are discernible.

Figure 4-3 shows the comparison between the measured and calculated differences In
harmonic levels static-minus-flight for several propeller operating conditions for the
In-plane wing-tip microphone. Figure 4-4 shows the bame data for the aft wing-tip
microphone. As these figures show, the measured levels show a difference of about
10 dB between the static and flight lovels at the fundamental. This decreases to 3 to
4 dB at the third harmonic, then Increases again to about 25 dB at the tenth harmonic.
The calculated differences between static and flight harmonic levels show similar
trends kbove the second harmonic. At the fundamental It Is conjectured that the high
level of static noise Is an Installation effect. This can'be substantiated using the blads-
surface pressure traces contained In the report. Figure 4-5 shows a sample of the
blade-surface pressures measured statically and In-flight for the same propeller
operating condition. As may be seen, a sharp pulse appears near the ciroumferential
sample point number 38 In the static data. This occurs when the Intrumete blade
Is close to the fuselage. A second pulse is seen near circumerential sample point
75, which Is when the instrumented blade Is close to the ground. In-flight, both pulses
have disappeared. It Is conjectured that this Is evidence of vortices originating on
the fuselage and on the ground, which is an installation effect. This sharp blade load-
ing pulse gives rise to many Intense higher frequency harmonics, as shown in figm
4-6. Those extend well beyond the 30th harmonic (2987 Hz). It may also be seen In
figure 44 that the first eight harmonics define an envelope which Is consistent with
the exponential harmonic roll-off resulting from unsteady loading. Beyond the eiaot
harmonic, the harmonic levels rise and show a peak In the harmonic envelope near the
tenth to eleventh harmonic (at around 1000 Hz). it Is believed that this mId-frequmsiy
peak Iq a result of the Installation effects and would not appear In the harmonic spec-
trum of an Isolated statle propeller. This will be explained in more detail in the dLs-
cussion of the noise prediction methodology evaluation.

N it I assumed that the fuselage vortex raises the tome noise levels by about 5 dD
.e., by the difference between measured and calculated st6ac-mfts-flight levis

at the Adamental) the agreement between the calculated and the measured chapes
in Bobs level from staco fg is good.

Figures 4-7 and 4-8 show o-third octave band spectra which are comparable tos
sl-tom as-fliht barmoanc spectra shown In figures 4-3 ad 4-4. As may be sesm
the agreeme befem caleulaed and measured spectra is -W at d low fr*us*s
At above about 400 H., the measured differences are mush greter hm thsew m.-
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FIGURE 4-2. NARROW-BAND CARPET PLOT OF PROPELLER NOISE DURING TAKE-OFF
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lated. This occurs because the static spectrum is totally dominated by the higher
harmonics which result from the ingestion of the fuselage and ground vortices. The
one-third octave band spectra also confirm this, as the agreement between the calcu-
lated and measured in-flight noise levels is quite good.

It is possible to get a comparison in broadband noise level change utilizing the narrow
band spectra from the Data Base Item 1 report by looking at the levels between
harmonics. This was done for the aft wing-tip microphone and is summarized in
figure 4-9. A problem with this data is that there Is wind noise on the microphone
in flight. This appears as high levels of low frequency broadband noise which de-
crease in level with increasing frequency. Thus, the significance of the negative
values of measured static-minus-flight levels shown n figure 4-9 is that the in-flight
low frequency broadband noise is dominated by wind noise on the microphone. Beyond
about 500 Hz, the propulsion system broadband noise becomes dominant. Since broad-
band noise is non-descript, it is not possible to determine its source -- it could
originate at the propeller, the engine, or the airframe (in-fliht). To isolate the
broadband noise source, two comparisons are shown In figure 4-9. The change in
calculated propeller broadband noise without engine broadband noise is plotted along
with the change in calculated total propulsor broadband noise. It is apparent that the
engine noise is calculated to be significant, as the difference between static and flight
for the total propulsor Is less than that for the propeller alone. The test results show
closer agreement with the propeller-alone trends. This could indicate that the engine
noise is overpredicted or that the propeller noise is underpredicted. However, the
magnitude of the calculated change in broadband noise is in general agreement with
the measured change.

Data Catalog Item 7. - This report presents data measured on a Cessna 02-T airplane.
Noise measurements were made statically and in-flight with the front propeller, aft
propeller, and both propellers operating at several power settings. For the purposes
of this evaluation, only the data acquired with the front propeller will be used, as the
aft propeller has significant installation effects due to fuselage blockage, ingestion of
wing wakes, and Inflow interaction with the front propeller wake. Although narrow-
band analyses are given for the static data, the flight data are presented as octave
bands.

Figure 4-10 shows the comparison between measured and calculated static-minus-flight
octave band levels for cruise power (175 SHP) and partial power (100 SHP), both at
1519 rpm (0.51 tip Mach number). Since the static data was acquired at a 50 ft. dis-
tance, while the flyover data was acquired at a nominal 300 ft. altitude, one set of
measurements was adjusted by 15.5 dB to eliminate the distance effects.

The comparison between measurement and calculation for the 125 to 1000 Hz bands is
quite good for the cases where the noise from the core engine was included in the calcu-
lations. At the higher frequencies, the agreement Is better for the cases without the
core engine noise. This Indicates that the higher frequency core engine noise is over-
predicted, the static pt'peller noise is underpredictd, or the In-flight propeller noise
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is overpredicted. Since the noise data is presented In octave bands, it is not possible
to establish the engine noise contribution. Also, the engine design and operating para-
meters were not known, so that the calculations were made for a generalized engine.
R is also apparent from the individual spectra that the high-frequency noise under
static condition is slightly underpredicted while that in-flight is slightly overpredicted.
This results in the 10 dB discrepancy between the measured and calculated differences
at high frequency. It is thus concluded that for this airplane, the generalized engine
noise prediction overestimates the high frequency engine noise. The static propeller
noise is underestimated and the In-flight propeller noise is overestimated; but it is
not possible to determine which of the components of propeller noise are incorrectly
calculated. However, since the general trend is in good agreement, the correlation
between calculated and measured forward-flight effects for this data is considered
acceptable.

DeHavilland DHC-7. - The comparison of calculated and measured static-minus-flight
noise for this airplane is shown in figure 4-11. The static data was acquired on an
aerodynamic test stand for a single propeller. As this was driven by an electric
motor, the noise measured Is representative of an isolated propeller. The in-flight
data was acquired during airplane flyover. The respective data were adjusted for
distance and number of propellers.

As for the previous comparison, it may be seen that the agreement between measure-
ments and calculations is better with engine noise included (flight only in this case) at
the low frequencies and without engine noise at the high frequencies. Since the one-
third octave band analyses, which is all that is available for the flight data, do not
permit identification of components in the noise spectra, it must be assumed that the
engine noise is overpredicted at high frequencies, f this assumption is accepted, then
the correlation between measured and calculated forward-fght effects on the noise
of the DeHavilland DHC-7 propeller is quite good.

Summary for Free-Air Propellers. - It is apparent that the major problem n evaluat-
Ing the forward flight effects on propeller noise is two-fold: installation effects and the
lack of available detailed (i.e., narrow-band) analyses of the flight data. In addition,
the effect of forward-flight on propeller noise is diffcult to assess, as the flight data
includes engine broadband noise, which is Indistinguishable from that generated by
the propeller.

However, despite these limitations on the data, it is apparent that the current forward-
flight effects which are included in the V/STOL noise prediction methodology are
qualitatively good and quantitatively acceptable. They are qualitatively good In that
the propeller tone higher harmonies are calculated to decrease In level rapidly as
forward flight Is begun, as was demonstrated by the carpet plot of Twin-Otter noise
vs. frequency vs. time. They are also quantitatively acceptable In that for the limited
data available the correlation between calculated and measured static-minus-flight
noise levels is generally good.
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Variable-Pitch Fans

The forward flight effects on variable-pitch fan noise Included in the methodology are
1) the changes in unsteady loading noise due to the modificaton in the inflow turbulence
Ingested by the fan caused by changes in the inflow contraction ratio and 2) the change
In the jet noise due to relative velocity changes. Thus, the observed chanp In vari-
able-pitch noise with forward flight will depend on the relative contribution of unsteady
loading noise to the total tone noise (i.e., that from the stator) and the broadband jet
noise to the total broadband noise. In particular, It is apparent that for the case where
the combination of tip speed and ratio of vane-count to blade-count causes the funda-
mental (and higher harmonics) to be cut-off, a tone will generally appear at the funda-
mental under static conditions but will disappear in flight.

The only data which shows the effects of flight on variable-pitch fan noise was found
to be that identified as Item 4 under variable-pitch fans in the data catalog. Although
this data is limited, It was used as being the only example available. The data Is
limited to fan inlet noise only and was acquired in a wind tunnel. In addition to high
levels of tunnel noise and semi-reverberant acoustic field, the turbulence character-
istics in a wind tunnel do not generally represent those that a propulsor in flight in the
free atmosphere would encounter, as demonstrated in reference 4. This is particular-
ly true of static conditions. Thus, this data was used as an indicator of the general
trends of variable-pitch fan noise with forward-flight, but was not used to revise the
methodology for better agreement with measurements.

Figure 4-12 shows the comparison between the measured and calculated static-minus-
flight levels of the fundamental and second harmonic tones at 60 degrees azimuth as
functions of tunnel speed for two fan tip speeds. As may be seen, the trends for the
fundamental show good agreement between calculated and measured. This occurs,
n part, because the fundamental tone is cut-off. However, the unsteady loading noise
is not and, therefore, dominates at static conditions. In flight, the unsteady loading
noise decreases and the change in fan noise at the fundamental is due uniquely to the
chanp in unsteady loading noise. The test data show essentially no effect of flight on
the level of the second harmonic. The calculations show about the same effect for the
second harmonic as for the fundamental. This is because the second harmonic of the
stator noise Is calculated to be insigificant compared to that of the unsteady loading
noise. Thus, either the test environment Is preventing the second harmonic of load-
ing noise from decreasing with flight speed, or the calculations are In error. Both
the test data and the calculations show little effect of tunnel speed on the high frequey
noise. Thus, considering the differences in assumed environments (measurements in
a wind tunnel vs. calculations for a normal atmosphere), the agreement between mea-
sured and calculated forward-flight effects on fan noise is quite good, except at the
second harmonic.

it is thus concluded that the forward-flight effects which are included In the noise pre-
diction methodology for variable-pitch fans are adequate and that revisioin based on
the currently available data are not Justified.
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Fixed-Pitch Fans

The forward-flight effects on fxed-pitch fan noise Included in the methodology are the
reduction in fan tone noise from static to fligbt and the change In broadband noise due
to reduction in relative jet velocity. The reduction in fan tone noise is attributed to
the reduction In Inflow turbulence Interaction and, as such, occurs only when unsteady
loading is a significant contributor to the noise. Thus, the reduction In the levels of
the tones are formulated In the V/STOL noise prediction procedure to occur only for
configurations without Inlet guide vanes (IGV's) operating at subsonic tip speeds.
The broadband noise reduction is associated with changes in jet noise and will appear
only when the jet noise is significant, i.e., for low bypass ratio configurations.

R is particularly Important to exclude from the test data extraneous effects, in
particular installation effects. As reviewed in reference 5, the Ingestion of ground
vortices and test stand structure interference In static tests substantially increases
the levels of noise at blade passing frequency harmonics. Although these effects dis-
appear In flight, they are not strictly speaking forward-flight effects, but depend
primarily on the actual installation of the propulsor.

The data reviewed falls into two general categories. In the first category are those
data that show qualitative results on fan noise with forward flight. The second
category contains those data which had sufficient information to allow calculations
of the noise under static and flight conditions for comparison with the measurements.

Data Catalog Item 1. - These data were acquired with microphones located inside the
Inlet of a Rolls-Royce RB211 fan. The data from this series of tests is summarized
In figure 4-13. As may be seen in figure 4-13a, the level of the fundamental drops
significantly between static and flight at a tip relative Mach number of 0. 7. The
second harmonic is relatively unaffected, but has been identified as a propagating
rotor/stator Interaction mode. At a tip relative Mach number of 1.0, shown in
figure 4-13b, reduction In the tone noise levels with flight is considerably less. It
may also be noted that the broadband noise is relatively unaffected by forward flight.
Figure 4-13c shows the variation in blade passing frequency (BPF) fundamental be-
tween static and flight as a function of tip relative Mach number. As this shows,
significant reductions In level were measured for flight vs. static conditions up to a
tip relatie Mach number of about 1. 05, beyond which there was little change.

In summary, the data from this report indicates that for a fixed-pitch fan without
IGV's, tone noise decreases with forward flight, showing a significant change for the
BPF fundamental below supersonic tip speed and little or no change for the second
harmonic. The fan inlet broadband noise is essentially unaffected by flight.

Data Catalog Iem 4. - This paper presents results of measurements of JT3D, CF6,
and JT9D static and &igh engine noise. Static data were acquired on engine test
stands at 10 deree interval* at a constant, radius. These static data were projected
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to flight by adjusting for number of engines, flight path, distance, atmospheric absorp-
tion, Doppler shift, and altitude. Also, the jet noise components were adjusted for
the effects of relative velocity.

Figure 4-14 summarizes the comparison at approach condition for the JT3D engine.
As may be seen, both the PNLT vs. time comparison, figure 4-14a, and the Inlet
noise spectrum comparison, figure 4-14b, show little difference between static and
flight conditions. It is also indicated that the maximum PNLT, which occurred after
the airplane passed overhead and thus contains aft-radiated engine and fan noise,
shows similar spectral agreement to that seen in figure 4-14b.

Figure 4-15 shows the comparison for the CF6 engine. In this case, both the PNLT
and the spectrum show significant reductions in flight noise compared to the projected
static noise. The most striking difference shown in figure 4-15b is the absence of fan
fundamental tone noise in flight. This is reported to be true also at the point of maxi-
mum PNLT.

Figure 4-16 shows the same comparisons for the JT9D engine. Similar results to
those observed for the CF6 engine may be seen. Although the fan fundamental tone
of the JT9D can be seen in the flight data, it is at a reduced leve relative to that pro-
jected from static measurements. It may also be seen that the level of the second
harmonic is reduced by forward flight relative to static conditions; but this reduction
is not as great as that of the fundamental.

Finally, Figure 4-17 shows the changes in forward-flight effects which occur for the
JT9D with increasing fan speed. As indicated, the flight effects decrease as fan
speed is Increased.

In summary, this report generally confirms the results which were noted in Data
Catalog Item 1. It may also be concluded that fans with IGV's (i.e., JT3D) do not
show appreciable forward4ght effects. Fans without IGV's show substantial reduc-
tion in the levels of the fan fundamental tone in flight for subsonic tip speed operation.
Tis reduction decreases with Increasing tip speed. The second harmonic also shows
a decrease In level in flight, but this difference is considerably less than that for the
fundamental.

Data Catalog Roem 5. - This paper presents measurements made with microphones
Installed In the inlet and outlet ducts of a CF6-6 fan. Also, a microphone was located
on the airplane fuselage at a position forward of the fan Inlet. Flyover noise was
measured under the flight path. The engines were operated over a range of fan speeds
both statically and in flight at 150 to 170 kts.

Figure 4-18 shows a comparison of flight and static spectra for a low fan speed condi-
tion. This shows a reduction of about 8 dB at the fundamental fan tone for the inlet
noise and about 3 dB at the fundamental fan tons for the discharge noise. A small
reduction in broacband noise may also be seen in the #alet, whereas the discharge
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broadband noise is relatively unchanged. The higher harmonics of the fan noise and
other tones in the spectra do not appear to change with forward flight.

Figure 4-19 shows a similar comparison made for a high fan speed. There appears
to be essentially no difference between the static and flight spectra either In the ilet
or the exhaust.

Figure 4-20 summarizes the effects of flight on the level of the fan fundamental tone
as a function of fan speed. At the inlet, the flight levels are lower than the static
levels until the fan tip speed reaches Mach 1, beyond which the static and flight levels
are equal. At low speed, the difference is about 8 dB and decreases almost linearly
with Increasing tip speed. The fan discharge duct noise levels show a nearly con-
stant 4 dB decrease from static to flight up to a speed of about 3200 rpm, beyond
which the difference drops to zero.

The flyover measurements generally confirmed the results measured with the in-duct
microphones in terms of reductions of the fundamental fan tones with flight. However,
the projected static data show generally higher levels at frequencies above the fan
fundamental than those of the flight data. It is suggested that this may be due to
mechanisms other than those that affect fan noise generation. These were identified
as dynamic amplification effects and differences between actual and assumed propaga-
tion through the atmosphere.

In summary, the data from this report is in agreement with that presented in the two
previous reports, i.e., the major effect of flight on the noise from fixed-pitch fans
without IGV's is to reduce the fundamental tone for subsonic operation.

Data Catalog Item 27. - In this report attempts are made to correct static data to flight
condition for a DC-10-10 airplane with CF6-6D engines and a DC-9-30 airplane with
JT8D-109 engines. The adjustments included the effects of installation, convective
amplification, and propagation effects. The installation effects considered included
relative engine location, fuselage and wing shielding, wing/flap/wheel wake sound
scattering, jet exhaust scattering, and airframe noise.

The data presented is in general agreement with that from the previously discussed
papers, i. e., for the CF-6 at approach condition, the fan fundamental tone Is about
8 dB lower in flight than at static conditions. For the CF-6 in take-off and for the
JT8D-109 there is no appreciable difference In the fan fundamental tone noise level
between static and flight. At mid-frequencies above the fundamental fan tone, the
CF-6 flight data is slig tly higher than the static-projected data (I.e., static data pro-
jected to flight) In the aft quadrant at the approach condition. In the forward quadrants
for approach condition and everywhere for the take-off condition for the CF-6, and for
all cases of the JT8D, the static-projected data moderately exceeds the flight data.
In all cases, the high frequency static-projected data significantly exceeds the flight
data. Applying correction for Installation, convective amplification, and propagation
effects improves the agreement between static-projected and flight data at mid fre-
quencies, but does not reconcile the high frequency poise discrepancy.

63



ISO

-140-

IdI

Id I

so

140

I.
1)i a
3

.1 too
Id C"L"*

90 Li

L

a 4 4

FREQUENCY (1009 Na)

A.- COMPARISON Of FLIGHT AND STATIC NARROW-EAND SPECTRA MEASURED ON THE WALLT
WLOF THE CHA*41 ENGIN FH F HIg AN ROTOR SPEED 3070 RPM

FIU1-6 OWR LGTEFCSA IHFNSED

FRMDT ASIE IE IC A-

06



IeO REPRINTED WITH PERMISSION OF THE
AIAA FROM TECHNICAL PAPER NO. 7".44'
EFFECT Of FORWARD NOTION ON FAN NOISE.

t 40-

j a

it
4L NoMACH NO. I1

a i 120 OPEN SYMMOLS - STATIC
0A ROO RELTIV SOLID SYMSOLS - FLIGHT

MACH N. w ISYMUOL MICROPHONE
-[FLIGHTLOCATION

0
22 24 as as 30 32 34

CORRECTED PAN ROTOR SPEED (t00 RPM)
A. COMPARISON OP FAN FUNDAMENTAL TONE LEVELS

MEASURED ON THE INLET WALL OP THE CP4
ENGINE DURING STATIC AND PLIGHT CONDITIONS

it20

I u 120 1 - OPEN SYMBOLS -STATIC
a-PLIGHT SOLID GYMISOLS - PLIGHT

ISYNSOL MICROPHONE
it. LOCATION

0 9
A 7

22 24 as as so 22 24
* CORRECTED PAN ROTOR SPEED (100 RPM)

9. COMPARISON OFP FAN FUNDAMENTAL TONE LEVELS
MEASURED ON THE WALL OF THE PAN DISCHARGE
DUCT IN THE CF04 ENGINE DURING STATIC AND
PLIGHT CONDITIONS

FIGURE 4-20, FAN ROTOR SPEED EFFECTS ON FORWARD FLIGHT EFFECTS FROM DATA
BASE ITEM FIXED PITCH FAN -1

65



I summary, the fan noise results presented in this paper generally confirm those
noted In previously discussed reports, Le., the fan tone Is reduced as the airplane
moves from the static to the flight regime. This paper also indicates that the con-
vective amplification effects noted In the core noise data closely matched the theo-
retical' relationship: -40 log (1-Ma coo 0), where Ma is the airplane flight Mach num-
ber and 0 I the propagation angle. As this relationship Is derived for a moving point
source, It Is applicable to fan noise as well.

Data Catalg Item 30. - This paper presents static and flyover noise data on a JTISD
engine. Figure 4-21a shows a comparison of the static and flight spectra at the maxi-
mum sideline noise location. The decrease in the low frequency noise shows the for-
ward-flight effects on jet noise. A large drop in the level of the fan fundamental tone
in flght may also be seen. The forward-flight effects on the level of the fan funda-
mental tone is shown for take-off In figure 4-21b and for approach In figure 4-21c.
As can be seen, the difference in the forward quadrant on take-off Is up to 18 dB,
which Is much greater than reported In other studies. It may also be noted that the
curvesi cross in the aft quadrant, indicating that the flight levels. are higher than the
static levels. However, this could be due to a change In directivity caused by the
flight effects. The approach data show similar effects, but the maximum difference
between static and flight Is only about 10 dB.

The noise level reductions are believed to be due to two effects. On the Cessna
Citation, the flight vehicle used in these tests, the engine is located above and
slightly aft of the wing, so that the engine Inlet is actually over the wing. This con-
figuration is the cause of the two effects which result in the large noise reduction
seen 14 flight compared to the static data. The paper shows a photograph which was
taken of the fan inlet under static conditions. This photograph clearly shows two
vortices being ingested by the fan. One vortex is believed to have originated on the
wing. Thus, under static conditions, the fan experiences Inflow distortion caused by
Its installation in close proximity to the fuselage and the wing. This inflow distortion
Is similar to that observed for the Twin Otter (discussed under propellers) and gives
rise to more intense harmonic noise. In flight, the vortices are not Ingested by the
fan, thus this mechanism does not occur.

The second effect Is due to shielding by the wing. From below the.airplans, the on-
gine Inlet tI shielded by the wing. Thus, in flight, the engine inlet radiated noise Is
shielded from the microphone by the wing. During static noise measurements, the
microphone was located to the side of the airplane, where wing shielding did not
ocur.

In aupnory, this paper presents evidence that insalation effects on fan noise Mpr-
tion can be more significant than forward-light effects. Thms, It an be seea h tled
data must be carefully screened for these other eMeas Is order for cmtprisema be-
tween tatic and flight data to yield valid foiwurd4 a dbets.
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Data Catalog Item 24. - This report presents In more detail the data already discussed
under Data Catalog Items 5 and 27. Although the conclusions presented in this work
are in general agreement with those presented in the earlier works, the additional
analysis has led to additional conclusions. With respect to this discussion, it was
concluded that: 1) the static-to-flight differences for the DC-9-30/JT8D-109 airplane
are due to wing shielding, wake sound scattering, and convective amplification (pri-
marily for jet noise), 2) the correlation between static-projected and flight high fre-
quency noise can be improved if excess attenuation in the atmosphere is taken Into
account, 3) the static-to-flight differences in fan noise are due primarily to differ-
ences in noise generation of the fan fundamental tone, 4) measurements suggest that
fan higher harmonic and broadband noise are the same at static and flight conditions.

Data Catalog Item 20. - This report presents static and flyover noise measurements
made in a JT8D-9 engine. Representative results are shown in figures 4-22 and 4-23.
Figure 4-22 shows the comparison between flight and static tone noise levels for the
approadh condition. In contrast to the data presented previously, these data show
large reductions in the flight noise levels compared to the static noise levels. These
differences exist over all directivity angles. Figure 4-23 shows the comparison for
high frequency broadband noise. The high frequency broadband noise is seen to show
small differences between static and flight at 2000 and 4000 Hz and large differences
at 6000 Hz.

Although the report does not identify the cause for the high level of noise under static
conditions, several effects are mentioned, including high static inlet turbulence in-
tensity due to ingestion of atmospheric turbulence, flow separation inside the inlet,
and Ingestion of wakes from obstructions around the inlet. Ingestion of ground
vortices, shielding of wings and fuselage, and scattering of sound as it passes through
wing and landi ear wakes are also possible culprits.

It is thus concluded that the extremely large forward-flight effects presented in this
report are due mostly to installation effects, including test facility and ground plane
interference effects on the static data, and not. due to the changes in the noise genera-.
ting mechanisms which are accounted for in the current noise prediction mehodeoU.

Data Catalos Item 6. - This report presents results of noise measurements made a
a JT8D-17 engne tested n a large wind tunnel. The data acquired In the windtuami
are compared to data acquired statically on an outdoor test stand, in flight on a BS
airplane, and In a smaller wind tunnel.

The comparlson relevant to fan noise forward-flight effects was made for fan Inlet
noise measured statically on the outdoor test stand and at several tunnel speeds In
the wind tunnel. On an average, sound power level (PWL) noise reductions of 8 dB
at the first stage fan fundamental tone, 3 dB at the second harmonic, and 1. 5 dB at
the third harmonic were noted between the wind tunnel data and the outdoor static
data. These reductions were observed even at the lowest tunnel speed of 49 ft/see.
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For an engine with IGV's, the effects on fan noise of Inlet "cleanup" due to reduction
of inflow distortion was believed to be of secondary Importance. The major fan noise
source was thought to be IGV/rotor interaction (the JT8D has propagting tones at all
operating conditions). The possible explanations for the wind tunnel results noted in
this report include: 1) large forward velocity is not required to achieve the static-to-
flight fan tone noise reductions, 2) tunnel turbulence is less severe than that in the
atmosphere, 3) the ground vortex is more of a significant contributor to the tone
noise than the ingested turbulent eddies and is minimized with low forward speed,
and 4) combination of any or all of the preceeding.

It should be noted that the lowest tunnel speed was 49 ft/sec, which is high enough
to greatly reduce the Inflow contraction ratio. Thus, it should not be suprising that
the effect identified in I above occurs. Also, a speed of 49 ft/sec is probably high
enough to prevent ground vortices from being ingested by the fan. Thus, ground
vortices in the static test data, as mentioned in 3 above, is a likely strong contributor
to the high levels of static fan tone noise reported herein and in Data Catalog Item 20.

Summary of Fixed-Pitch Fan Forward-Flight Effects. - In reviewing these data, the
most consistent forward flight effect can be summarized as follows: for fans without
MV's operating at approach power (with the fundamental fan tone cut-off), the in-
flight levels of the fundamental fan tone are about 8 dB lower than the staic levels;
for higher harmonics, all tones of fans with IGV's, and fan broadband noise the for-
ward-flight effects are negligible. Other effects noted Include Installation effects,
fuselage and wing shielding, ingestion of ground vortices, scattering due to wakes
from wings and landing gear, and excess atmospheric attenuation. As these effects
are not part of the current methodology which is being reviewed, they cannot be in-
cluded as valid effects.

Dynamic amplification effects on source noise were shown to improve correlations
between flight and static-projected mid-frequency fan noise. However, the effect is
small and many other adjustments having greater effects were also used to Improve
the correlations. This effect appears to be more relevant to jet noise than to fan
noise.

The current forward-flight effects on fan noise include a fundamental fan tone level
reduction of up to 8.1 dB and a second harmonic level reduction of up to 2.7 dB.
These are applied to fans without IGV's and the maximum values decrease linearly
with fan relative tip Mach number from 0. 7 to 1 and lpcrease with airspeed from
0 to the maximum value over the range 10 to 80 ktUs.

a is thus concluded that the current forward-flight effects are generally representative
of the current data on fan noise, If Installation effects are removed from the data.
Thus, revisions to the methodology are not presently justified.
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Helicopter Rotors

The forward-flight effects Included in the methodology are only those associated with
changes In input parameters, the most notable being the reduction in main rotor Input
power during transition from hover to low forward speed. Also, in typical operation
the tall rotor in unloaded during flight, so that tall rotor noise will be shown to de-
crease in flight. Two effects which will be shown to occur under actual tests, but
which are not accounted for In the methodology, are the Increase of rotor Impulsive
noise (blade slap or banging) with Increasing flight speed and the changes in nsIala-
tion effects, Including rotor/airframe and rotor/rotor Interaction. Impulsive noie
generally does not occur in modern helicopter designs during hover and level flight.
Thus, formulations of impulsive noise, which are not readily Implemented in a simple
fashion (i. e., impulsive noise Is dependent on parameters such as airfoil geometry,
angle of attack, and relative velocities which are not usually readily available to the
preliminary design user), were not included In the original methodology on the basis
of it being a limited special case. Installation effects were not included for reasons
already mentioned in earlier sections.

In contrast to the forward-flight effects on fixed-pitch fan noise, for example, where
the effects resulted In reductions of tone noise levels or fan inlet broadband noise
levels which were essentially independent of absolute level, the forward-flight effects
on helicopter noise are conjectured to be a result of changes in input information and
are thus functions of absolute Inputs. Also, the noise from helicopters includes con-
tributions from many sources, such as main rotor, tall rotor, and engines, which
are not always readily separated In the measured noise. Thus, it is feasible to evalu-
ate forward-flight effects on helicopter noise by comparing measured static vs. fliEht
and calculated static vs. flight noise levels as was done for free-air propellers.

The data presented In the reports were acquired with micorphones located typically
4 ft. above the ground plane. This presents a problem In interpretation of the low
frequency tones, as the ground reflection effects produce numerous reinforcements
and cancellations. For tones, the cancellation effect can be very sharp and quite
sensitive to wavelength; a change of a few percent in wavelength can result in a
significant change In the observed tone level. Attempts made to correct the test data
for ground reflection effects have generally not been very successful. This will be
described in more detail during the description of the methodology evaluation. For
the evaluation of forward-flight effects, since both hover and in-flight data were obtain-
ed with generally the same microphone height, It was assumed that the ground reflec-
tion effects were the same in the comparison of hover and in-flight data.

Data Catalog Item 3, Bell 212. - This data was acquired during helicopter hover and
flyover at 60, ", 110, ad 114 kts. fg speed. Althbugh this helicopter exhibits
strong blade slap in the forward direction, below and behind it has a normal noise
signature. Thus, the comparison made here Is for a position directly overhead.
Figure 4-24 shows the comparison between measured and cailculated levels, hover-
mims-flight, for the 60 kts. flyover case. As may be seen from this comparison,
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the data shows a reduction in flight noise of up to 12 dB in the mid frequencies, where-
as the calculations show a maximum reduction of 1. 2 dB. Examination of the calcula-
tions show that the dominant noise source is the main rotor, both statically and In-
flight. The noise reduction occurs because the power input to the rotor is decreased
in flight. The calculated reduction in noise is small, since the rotor thrust and tip
speeds are held constant. The test hover-minus-flight noise level differences cannot
be explained easily from the available data; e. g., it Is not possible to determine If
the high levels of mid-frequency noise during hover are due to tones or broadband or
whether they originate from the main rotor, tal rotor, or engines. It is stated in
the report that the subjective quality of the noise as the helicopter passed overhead was
like that of a propeller, indicating that a dominant source was the tal rotor. The calcu-
lations, however, place the tal rotor noise levels about 20 dB below those of the main
rotor. This is reasonable, as the two have similar tip speeds and the tail rotor oper-
ates at about one-tenth the power input of the main rotor. Directivity effects cannot
explain high levels of tall rotor noise, since for a rotor In hover, the ingestion of
atmospheric tubulence leads to unsteady loading noise which peaks on the axis of
rotation, as does the broadband noise. Thus, when the helicopter is directly overhead
in hover, the observer is at the main rotor directivity peak and off the tall rotor
directivity peak.

The reason for the high levels of tail rotor noise is not obvious from the available data.
One possibility is installation effects. Since the tail rotor is mounimd on the side of do
verical tail, Its Inflow (or wash, depending on the thrust direction) is blocked by the
vertical tail. During flight, the tal provides much of the antl-torqus thrust so that
the tail rotor is unloaded and also the Inflow is much different. This in as n lltion
effect, and is not accounted for in the methodology under evalatioa. At this pon. ths
explanation is conjecture and although supported by the available data coi be pr
To establish the cause of the high levels of mid-frequeey noise, innw-band amllm
of data acquired with a ground level microphone (to mindmise a - s rellsm
effects) are required to identify the spectral component t Id s is. The miwe
literature review conducted as part of the present contract Isdice t s ty I
data does not exist in the open literature.

Figure 4-25 shows the calculated flight effects for Increased fot0p dfthmd by
comparing the levels at 110 kts. to those at 60 ks. The - M
average increase of about 5 dB in the 110 kt. data ocmuared to ot at W blm. T7W
calculations show an Increase of about 1 dB at low frequencies and a st deresase
in level at the mid and high frequencies. Api, it s mot clear wa mise no Is
dominant in the data. The calculated noise is dominad by the Oak rae.r w, tu
tail rotor noise calculated to be about 20 dB below that of tro mafi oner and tme-
gine noise about 10 dB below that of the main rotor. Thme calmlats mi raer mss
at frequencies below about 250 Hz is due to rotationa noise, while t ab Ms
frequency is due to broadband noise. The calculated champ In rultloo mis is
adequately explained by the necessary Increase in nai ror lapat pe o as Momma
out of the minimum torque region. The broadband moise does sot oamp.
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The data presented for this helicopter shows strong forward-light effects which can-
not be matched by the noise calculation methodology. Although the data Is insufficient
to confirm the cause of the large change in mid-frequency noise between static and
flight, it is conjectured that It is due to abnormally high levels of tal rotor noise
caused by Installation effects.

Data Catalog Item 3, Sikorsky S-61. - The summary of calculated vs. measured for-
ward-fli effects on the noise for the Sikorsky 8-61 helicopter Is presented In figure
4-26. As this figure shows, the results are similar to those already discussed for
the Bell 212 helicopter.

Data Catalog Item 3, Sikorsky S-64. - The comparison of calculated and measured
hover-mlnus-60 kts. flight noise levels for the Sikorsky S-64 helicopter is summa-
rized In figure 4-27. Again, this comparison shows measured flight levels which are
significantly lower than the static levels whereas the calculations show only a modest
reduction in level.

Data Catalog Item 7. - This report presents noise measurements made on a standard
and modified Sikorsky SH-3A helicopter. As the standard SH-3A helicopter is the
military designation of the S-61 helicopter, this data can be used for comparison to
that given In Data Catalog Item 3. This report gives limited hover noise data, but
includes many one-third octave band analyses of flyover noise at 40, 70, 100, and
120 kts. These also extend to the 10 Hz band, so that the main rotor fundamental can
be identified.

Figure 4-28 shows the relative levels measured at the maximum noise point during
flyovers at nominal altitudes of 200 ft for flight speeds of 40,- 69, 98, and 120 kts.
The levels shown in this figure were adjusted for variations in actual source to micro-
phone distance. It Is apparent that the main rotor tones, In the 16-20 Hz and 32-40
Hz bands, do not change appreciably in level over the flight speed range. The third
and fourth harmonics cannot be seen, as they are in the 50 and 63 Hz bands which
appear to be strongly Influenced by the first ground dip due to the 4 ft. microphone
height. Greater variations are seen in the levels of the 100-125 Hz, 200-250 Hz bands,
and above. These are clearly due to tail rotor tones fundamental blade passing fre-
quency of 104 Hz), which appear to dominate the mid-frequencies. Figure 4-29 shows
a narrow-band frequency analysis of the noise of the helicopter during a 10 ft. hover.
The tall rotor harmonics are clearly evident and dominate the spectrum. It might also
be noted that at this low altitude, the helicopter Is In ground effect and thus the main
rotor is reingesting wakes which are reclrculated by the ground plane and would be
expected to make more noise than when the helicopter Is at a greater distance from
the ground. It is thus apparent from this :lata that the predominant noise source in
the mid-frequencies Is the tal rotor, as was also documented In the test report which
stated that the modified helicopter was quieter than the standard helicopter mainly due
to tal-rotor noise reductions. Forward-(lit effects on the noise from this helicopter,
which are in general agreement with those measured on the S-61 and reported in Data
Catalog Item 3, show a variation In mid-to-high-frequency noise which is believed to
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be caused by tall rotor noise. The high levels of tal rotor noise are believed to be due
to Installation effects. Thus, for this configuration at least, forward-flight effects on
total heliqopter noise are governed by the effects on tail rotor noise which are, In
turn, due to installation effects. It may be concluded that the measured clange In noise.
with forward flight reflect forward-flight effects on Installation effects, rather than on
source noise.

Data Catalog Item 6. - This data was acquired on a Kaman HH-43B helicopter which
Is of particular Interest here for comparison with the results discussed for the Bell
212, Sikorsky S-61, and Sikorsky 8-64 helicopter as this helicopter does not have a
tail rotor. This helicopter has two counter-rotating main rotors, as shown In figure
4-30. The data In this report consists of only full-octave band analyses and does not
contain any hover data except for overall noise levels. However, comparisons of
noise levels for 60 and 72 kts. relative to noise levels at 43 kts. are shown in figure
4-31 for both measurements and calculations. As may be seen, the measured data
show a small effect which Is also shown by the calculations. The calculations indicate
that the dominant noise source is the rotor with little contribution from the engines.

The oerall levels for this helicopter were measured to be 93.8, 92.0, 92.8, and
93.1 dB for hover, 43 kts., 60 kts., and 72 kts., respectively. This confirms that
in the absence of installation effects, helicopter rotor noise Is not significantly in-
fluenced by forward flight.

Data From Reference 6. - This unpublished data was acquired from Kaman Aerospace
Corporation in pursuit of the interesting results from Data Catalog Item 6. This data
includes measurements made at 200 ft. for the helicopter In hover at 50 ft. and n
flyby at 250 ft. to the side of a 50 ft. altitude 80 kts. flight. Figure 4-32 shows the
comparison between measured and calculated hover-minus-flight levels for the HH-43B
at hover and 80 kts. flight. As may be seen, the agreement is good over the entire
frequency range, the greatest discrepancy being 9 dB measured vs. 3.1 dB calculated,
I.e., less than 6 dB difference. At all other octave bands but one, the agreement is
within 3 dB. This I in sharp contrast to the results for the S-61 and S-64 helicopter
which showed discrepancies of up to 18 dB between measured and calculated forward-
flight effects.

Summary of Forward-Flight Effects on Helicopter Noise. - Based on the data discussed
above, it appears that conventional helicopters (with a main rotor and a tall rotor)
show a significant reduction in mid-to-high frequency noise In the transition from hover
to low,-speed flight then a moderate increase In mid-to-high frequency noise from low-
to high-speed flight. Although the evidence from the literature is by no means con-
clusive, it is apparent that the major change In helicopter noise levels with flight
speed is due to changes in tail rotor noise with little effect on main rotor noise. Duo
to general similarities in tip speed and number of blades between main and tail rotors
but much lower power Input to the tal rotor, the Isolated tail rotor noise would be ex-
pected to be about 20 dB lower In level than that of the main rotor, Including source
directivity effects. The higher-than-anticipated measured levels of tail rotor noise
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are believed due to Installation effects, In which the Inflow to the tain rotor is severly
distorted by the vertical tanl. Measured noise levels of helicopters having no tal
rotors do not show a significant change In noise with forward velocity changes.

The forward-flght effects observed for the configuration without a tal rotor are well
predicted by the current methodology. It Is thus concluded that the existing method-
ology adequately predicts forward-flight effects on main rotor noise. Overall bel-
copter noise levels for the hover case are not adequately predicted by the existing
methodology because severe Installation effects cause a very significant increase in
the noise generated by tall rotors. These installation effects are Influenced by flight
speed and result in the observed changes in total helicopter noise due to forward-
flight. It Is beyond the scope of this program to devise and Incorporate installation
effects on source noise. Thus, the forward-flight effects on helicopter rotors n the
absence of Installation effects calculated by the current methodology are adequate
and do not require revisions.

It Is also concluded that the data which were available are not sufficient to Identify
the installation effects problem and to define the effects of forward-flight on com-
ponent noise levels. This was because 1) the data lacked resolution of noise com-
ponents: all data was presented as one-third or full octave band analyses which do
not have sufficient frequency resolution, particularly at higher frequencies, to sep-
arate main rotor and tall rotor components, and 2) all data were acquired with micro-
phones located at 4 to 5 ft. above the ground plane, where ground reflection effects
cause reinforcements and cancellations which make the interpretation of low frequency
tonal data extremely difficult. In order to Identify the relative contributions from the
several noise sources on a helicopter (main rotor, tal rotor, engines, gearboxes)
and how they are influenced by flight, narrow-band frequency analyses of noise
signatures acquired with a microphone located at ground level are required.

Tilt-Propellers and Lift-Fans

New data on cross-flow effects on tilt-propellers and lift-fans have not been Identified
in the literature search conducted under this study. Thus, the cross-flow effects
which were developed for the methodology of reference I are representative of the
current empirical procedures for calculating the change In noise due to non-normal
inflow.

Jets

The forward-flight effects on the noise produced by jets are a reduction In overall
level due to the reduction In relative velocity. The commonly used relationship be-
tween the level of jet noise under static and flight conditions Is:

OASPLS - OASPk. -10 log20 tVVV) (1 MCOS)
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where OASPIG and OASPLF are the jet noise overall levels at static a&W flight
conditions, respectIvely, Vjlto the absolute jet velocity, Vol thed fligbt velocity, a
is the relative velocity exponent, Me ts the flight Mach number, and 0 to the an&l of
notse radiation. Previous studies have derived values of m which arn a £fotion of
the angle 9. In the current methodology, the values of m froma Bushell (reflorence?)
are used. These values wore empirically derived from jet noise measurements made
on several engines. Theme gave value of mfrom about -2. 5at 30degrees to about 8
atl160degrees. shld beoted that apositive valuofm resultsIn ared uctioan
noise from static to flight, while a negative value results In an Increase In noise.

Bushell's forward-flight correction was a first-cut procedure at the time when the
original V/STOL Noise Prediction Procedure was developed. Since then, additional
data have been examine and other forward-flight effects calculation procedures have
been derived. It has also been pointed out that m (since It ts based on measurements)
Is sezdsitive to other sources of low frequency noise (I. a., from core engine Internal
sources) which are Included In real engine noise data. Ils thus Important to remove
the contributions from these other sources to obtain a valid derivation of the exponent
for pure jet-mixing noise.

The following reports were reviewed specifically to extract updated computed values
of the exponent m and to evaluate other formulations of forward-flgh effects on jet
00ise.

Data Catalog Item 4. - Rlelative to this study, the highlight of this report Is a com-
prehensive formulation of forward-flight effects on jet-mixing noise. This Includes
three terms:- one for the effects on source strength of forward fliUM on the external
flow field, a second terma for dynamic effects due to the change In the velocity of the
source relative to that of the ambient air, anl a third term for kinematic effects due
to the motion of the source relative to the observer. Although this formulation of
forward-flight effects Is more complete than that currently used In the methodology
underevaluation, It Is relatively complicated and not readily adaptable to a graphical
procedure. Also, these various effects are to a large extent implicit in the current
approaches, provided the dat used to obtain the exponent a Is relatively pure jet-
mixing noise.

Data Catalog Fixed-Pitch Fan Rem 24. - in addition to the data on fen noise previously
discussed, this report presents data on jet noise from the JTSD-100 and MD-53M
engines and includes derived flight effects. In this report, the jet noise was epareted
from core noise components. Derivations of the flight velocity oxposaft m are show
in figure 4-33 for the JTSD-10O and In figure 4-34 for the JT9D-UA. Figure 4-M2
shows, an exponent varying from abot 3.35 In the forward queirmt to sheet L0 at 15S
degrees for the JTSD-109. Figure 4-34 sbows the expmeote computed from, tale-dff

daa(open symbols) and approach data (filed symbols) for the JTID-SSA. The ex-
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ponents for the take-off data are very similar to those for the JTSD-109 data, but
the approach data shows negative values of m In the forward quadrant, Indicating that
the flight noise data Is higher In level than the static noise data. This is attributed to
the presence of another low frequency noise source unique to airplane conltloms
with engines under the wing.

Data Catalog Fixed-Pitch Fan Item 14. - This report presents static and in-flight
noise faasurements of a DC-9 as part of the JTSD rean program. Figure 4-35 shows
a comparison of forward-flight and static data for three jet velocities. At low
velocity, the static and flight noise levels In the forward quadrant are essentially the
same, Indicating that perhaps another low frequency noise source is contributing to
the noise. At the two higher velocities, the static data is higher than the flight data
at all azimuth angles. The jet noise data for the two highest velocities In figure 4-35
were used to calculate the exponent m, which is shown In figure 4-36. This data is
in god agreement with that shown in figures 4-33 and 4-34 and shows only positive
values of m.

Data Catalog IRem 25. - This data was acquired on single and dual flow model jets
In a wind tunnel. The measured jet noise levels at tunnel speeds of 20, 98, and 131
ft/sec were used to derive the flight velocity exponent. These calculations are sum-
marized in figure 4-37. When compared to those calculated previously from real
engine data, the model jet data calculations show higher values for m In the front
quadrant.. This may be due to residual low frequency noise In the real engine data or
due to differences between wind tunnel and normal atmosphere environments. Beyond
90 degrees, the ageement among the data is better. It may also be seen that for
angles 90 degrees and higsr, t flight effects on single and dual jet overall noise
levels are essentially the same.

Data Catala Rem 24. - This data was also acquired on model Jets n a wind tunnel
and show results generally similar to those presented In figure 4-37. Flight velocity
exponents of 5.1, 6. 0, 6.4, 7. 2, and 8.0 are derived from the noise data obtained at
90, 105, 120, 135, and 145 degrees, respectively. ;Uls also suggested that tunel
reverberation effects could contribute about 0. 6 to the exponent at 90 degrees, so
that a correed value of 4.5 migt be more appropriate. This value is constat over
the forward arc.

Dat Catalog Item 13. - This paper also presents data from model jets tested in a
wind tunnel. In this case, however, the wind tunnel was of the open-jet type. me-
surempts made on heated Jets at several velocities and tempeatures showed oon-
sistent values for the flight velocity exponent for jet velocities up to 1500 ft/se over
the temperature range 300 to 90 deg. F. A summary correlaton ts shown in flare
4-38. These data are seen to be In good agreemet with the wind tunnel data from
Data Catalog items 24 and 25.
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Summary of Forward-Flight Effects on Jet Noise. - The bulk of the literature re-
viewed indicates that the forward-flight effects on jet noise can be adequately calculat-

ed from the relation: AdB- 10 log 0 [ -Vo) m(-aCOS 8)] where m, the flight

velocity exponent Is a function of the directivity angle 8. Values of m have been de-
rived in more recent studies of test results and are, on the whole, consistent with
both real engine data and with data from models In wind tunnels. The current values
for m differ from those which were Initially proposed by Bushell, particularly In the
front quadrant where Bushel's values would show an increase in the noise in flight
compared to current values which would show a decrease in noise in flight every-
where. This has been attributed to the early data containing sources of low-frequency
noise other than free-jet-mixing noise.

The new values of the exponent m, which are based on the data reviewed above, are
shown in figure 4-39 compared to the values which were originally used in the
methodology. As may be seen, the new values of m result In reductions in flight noise
at all angles, compared to the old values which show an increase in noise at angles
forward of 100 degrees. Also, the revised values provide a larger reduction in noise
with forward-flight In the aft quadrant than did the former values.

SUMMARY OF FORWARD-FLIGHT EFFECTS EVALUATION

The evaluation of forward-flight effects discussed above are summarized In this sec-
tion. The conclusions which were reached and chants to the methodology developed
In reference 1 are presented. Although the evaluation was directed toward forward-
flight effects, certain other conclusions were reached which have an impact on the cal-
culation of absolute noise levels (rather than relative effects such as 'differences be-
tween static and in-flight noise levels). These are mentioned here briefly and described
n detail in the section on the evaluation of the noise prediction methodology, including

the changes In the resulting methodology.

It was found in the evaluation of forward-flight effects on propeller noise that installa-
tion effects produced static noise levels which were higher than those for uninstalled
propellers. Further, these Installation effects disappear quickly after onset of for-
ward motion. When adjusted to match the levels of static noise for Installed propellers,
the flight noise levels were overpredleted. When adjusted to match the levels of static
noise for uninstalled propellers, the noise levels in fUght were well predicted. It
also appeared that the core engine noise levels were somewhat overestimated, as cor-
relation of forward-flight effects on broadband noise was better with the mid-to-high-
frequency core engine noise omitted. inclusion of mid-to-high-frequency core engine
noise tended to cause overpredictim. It was then concluded that with the above adjust-
meats, the forwardlight effects on propeller noise contained in the methodology are
adequate.
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Only limited data was found on forward-flight effects on the noise from variable-pitch
fans, and that was for inlet noise of a fan tested 14 a wind tunnel. Although a wind tun-
nel does not fully simulate the turbulence environment of the free atmosphere, the gen-
oral trends in the measurements were well calculated. These included propagation of
the fan fundamental tone under static conditions and cut-off under flight conditions.

The calculations also matched the data in that both showed little change In the level of
the second harmonic, which is cut-on both statically and in flight, and higher frequen-
cies (both tones and broadband) from static to forward-flight. It was thus concluded
that the forward-flight effects in the current methodology for variable-pitch fans are
adequate and that revisions based on the currently available data are not justified.

In the area of fixed-pitch fans, it was found again that installation effects play a major
role In the observed differences between static and In-flight noise levels. Some data
showed strong fundamental tones statically which decreased dramatically in flight,
even for fans with IGV's. It was concluded, and can be generally supported in the
published literature, that this resulted from the ingestion of vortices originating from
the wing, fuselage, and/or ground. Other installation effects included shielding by
the wing and fuselage and scattering by the wing/flap/wheel wakes and jet exhaust.
Limited data acquired with microphones installed in the fan duct and far-field noise
measurements adjusted for convection, shielding, and propagation effects tend to sup-
port a significant reduction in the fundamental tone level (up to 8 dB) with little or no
change in the levels of the higher harmonics and broadband noise for fans without
IGV's operating at subsonic tip speed when static and flight data are compared. As
these measured differences agreed within experimental accuracy with the predicted
differences from the current methodology, no change in methodology was considered
necessary.

Forward-flight effects on helicopters were difficult to establish because of severe
installation effects on tail rotor noise and lack of interpretable data to identify the
noise sources, whether main rotor, tail rotor, or engine and whether broadband or
tone. The difficulty in data interpretation was mainly due to the lack of data acquired
with a microphone free from ground reflections and the analyses limited to full and
one-third octave bands. It was concluded from the available data that the dominant
noise for conventional helicopters was that of the tall rotor. Although the tail rotor
operates at substantially the same tip speed and at an order of magnitude lower power
input than does the main rotor, its noise level appeared to exceed that of the main
rotor, even after accounting for source directivity effects. This was attributed to
installation effects due to blockage by the vertical tail. The Installation effects appear-
ed to be strongly affected by flight. Data from a helicopter having no tall rotor showed
excellent agreement with calculated forward-flight effects. It was thus concluded that
the current methodology predicts forward-flight efects on main rotor noise, whereas
the effects on tal rotor noise are underpredicted due to installation effects. The
dominance of tail rotor noise is supported by the literature. However, ierification
of this requires data acquired using a ground-level microphone, which is free from
ground reflection effects.
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No new data on forward-ght effects on tIlt-propellers and lift-fans were found. Tbus,
no evaluation of or revisions to the current methodology.were made In this area.

The jet noise forward-flight effects were revised based on more recent real engine
and model jet noise measurements. It was concluded that the flight velocity exponent
used In the development of the methodology was derived from data which was con-
taminated by low frequency noise from sources other than free-jet-mixing. The re-
vised values for the exponent show noise reduction at all azimuth anles, compared
to former values which produced amplification In the forward quadrant for flight data
as compared with noise of static jets.

The above revised forward-flight effects, and others to be described subsequently,
have been incorporated into the methodology. This revised methodology was then used
for the next phase which is described in the next section.
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PHASE M - EVALUATION OF V/STOL ROTARY PROPULSOR NOSE PREDICTION
METHODOLOGY

" INTRODUCTION

As described In the previous section, the forward-flgh effects evaluation indicated
certain areas where revisions to the methodology were required. These revisions
were made prior to the final noise prediction methodology evaluation presented in this
section. Thus, the correlations between measurements and calculations presented
here represent those which would be obtained using the final revised computer program.
They Include the revised forward-flight effects, revised adjustments for Installation
effects which had been included In the orgInal formulation (primarily in unsteady loading
noise), and corrections of errors In the orginal computer program found during the
evaluation.

The empirical data used for the correlations are those Identified in table 3-11 with cer-
tain exceptions. Additional data are presented to emp easis. or clafy oertain effects,
such as the importance of Installation effects. Also, some of the data could not be used
as the required design and/or operating Information for r4rforming the noise calculation
was not available. The data actually used will be Identified la the appropriate section.

The available data was corrected to the equivalent free-nfeld condition, uing the pro-
cedures defined In reference 8, where possible. Where the nots u dmbated by
low frequency tones, corrections for ground reflectln effects were gierally not suc-
cesdul, especially in the frequency ranges where cancellations were thoa6W to occur.
The problem was attrbuted to uncertainty In the exct direct vs. reflected path luwt
difference (due to uncertainties in source position and microphone hiht), uncertainly
in the exact frequency (Including Doppler shift), distributed source, Imperfect ground
plane, wind shear gradient effects, etc. It Is apparent that adjusting the calculations
for ground reflection effects rather than correcting the data to equivalent free-field
conditions is the better approach. An alternative, of course, is to acquire the data
under free-field conditions or with flush microphones, which provide a constant pres-
sure doubling effect.

EVALUATION OF PROPELLER NOIE PREDICTION

Uninstalled Propellers

During the evaluation of forward-ih effects on propeller noise, it was concluded that
some of the noise data showed evidence of installation effects. Speciflcally, the Twin
Otter data (reference 2) obtained under static conditions showed high levels of mid-
frequency harmonics. These were stributed to theIngestion by the propeller of a
vortex originating on the fuselag.. This disturbance could be clearly een In the blade
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surface pressure measurements. Since the current methodology does not include in-
stallation effects, it is appropriate to make correlations with data which is free from
installation effects.

Reference 9 presents noise measurements made on a full-size propeller tcsted out-of-
doors on a very clean test stand with the propeller drive shaft located wll above the
ground plane. This propeller was tested in a four-and two-blade configuration at tip
speeds to about 450 ft/sec. Figure 5-1 summarizes the comparison between measured
and calculated harmonic noise levels for five azimuth locations, where zero degrees is
on axis in the thiust direction (ahead of the propeller). Although there is scatter in
the data, the general trends are in good agreement. At the higher tip speeds, the
calculations fit the data reasonably well.

Reference 10 contains noise measurements made on an isolated model propeller. This
propeller was designed as a scale model of a V/STOL propeller and was tested over a
range of tip speeds and blade angles. Figure 5-2 summarizes the comparison of cal-
culated and measured harmonic noise levels at three Totational tip Mach numbers at
the design blade ale of 16 degrees. In general, the correlations are good for all
three Mach numbers and at all azimuth locations. Figure 5-3 shows the comparison
between measured ead calculated one-third octave band spectra for the take-off design
condition at four azimuths near the plane of rotation. These would represent the noise
near the peak on a sideline. It can be seen that the agreement is good, particularly in
annoyance as indicated by the close agreement in PN1 values.

As a inal comparison of measured vs calculated uninstaUed propeller noise, noise
measurements mado on a 13. 5 ft diameter propeller operating statically at 720 ft/sec
tip spied and 4000 SHP were analysed. This propeller was powered by a T56 turbo-
sha ft engine. Thus, the noise was calculated for the propeller, engine, engine Jet,
and gear box for comparison with the measurements. Figure 5-4 shows a narrow band
analysis of the noise at an azimuth ngle of 112 degrees (near the peak sideline noise).
The crosses indicate the calculated levels of the propeller blade passing frequemy
harmonics. The horisatal bars show the free-field noise levels derived from the
measured levels adjusted for ground reflections for the 4 ft high micruphone. As. oft
be seen,, the ground reflectio corrections are not perfect, especially in the frequawy
range where cancellation is calculated to occur. The fourth harmoni is c60JSM t
be almost completely cancelled, requiring a correction of 57 dB for equivalent fro-
field level. This apparent discrepancy occurs becase the frequency is not eamt%
known, the ground is not a perfect reflector, the source is not a point, the tone is not
pare, etc. The cculated corrections at other frequencies appear more ressobt
but It is not poeble to asess tbir validity, as no free-field measurements ae avl-
able for ompalsm. The correcons at the fndmtal and second harmaoc aft
probabl reMasoble, as tehee afe lower In fteqency than that of the fils gomad dp.
The agreement betwee calc~ulted and measurbd levels Is seen to be good - the cal-
culated harmonic levels bein generally near the measured levels, and between the
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as-measured and free-field corrected levels. Figure 5-5 presents the comparison on
a cue-third octave band basis, Including Identification of calculated noise components.
The circles Indicate the measured levels, while the squares represent the measured
levels adjusted to free-field conditions. It is readily apparent that the core engin Jet
noise Is calculated to be negligible. The gearbox noise is of minor importance, show-
ing a few significant peaks at high frequencies. The dominant low frequency noise is
clearly that from the propeller. The mid-frequency noise is equally controlled by that
from the propeller and the core engine (combustor noise), while the high frequency
noise is primarily due to the core engine (btine noise). The agreement between the
measured levels and the calculations is quite good.

It is apparent from these correlations that the current propeller noise methodology is
adequate for the calculation of uninstalled propellers under static conditions. No data
is available on uninstalled propellers in flight.

installed Propellers

The data report on static and flight propeller noise measurements on a Twin Otter
airplane, Data Catalog Item 1, contains analyses from wing-tip microphones and from
ground level microphones. The data used for the evaluation of forward-light effects
Indicated severe installation effects during static operation. This was attrbuted to the
ingestion of a fuselage vortex, which resulted in high levels of mid-frequency harmonics.
Figure 5-6 shows a representative narrow band analysis for a static condition. The
crosses show the calculated levels. The first three and the 22nd to 33rd harmonics
are well predicted, but the mid-frequency harmonics are substantially underpredicted.
This is in contrast to the previous data for uninstalled propellers which showed good
agreement throughout the frequency range. This lack of agreement is believed to be
a result of the ingestion of the fuselage vortex. This vortex was seen to disappear
rapidly at the onset of forward flight. Ma flight, the vortex is gone, and good agreement
between measurements and calculations is obtained, as shown in figure 5-7. Both of
these propeller noise correlations were made in the aft quadrant for a rotational tip
Mach number of 0. 77, where loading notse dominates. At higher tip speeds, the
higher-frequency harmonics become dominated by thickness noise. Since the current
methodology does not include thickness noise, lghtly loaded, high tip speed propellers
will be underpredicted, as shown in figure 5-8. Here, the higher harmonics, beginning
at about the fifth, are underpredicted. This is particularly evident In the plane of
rotation where thickness noise peaks in directivity,. as shown in figure 5-9. At lower
tip speeds, figure 5-10, the thickness noise decreases and the noise is more strongly
loading-noise controlled. At even lower tip speeds, figure 5-11, the thickness noise
becomes Insignificant and good correlation between calculated and measured levels is
obtained. Figure 5-12 shows the low tip speed correlation for the aft wing-tip micro-
phone. In the formulation of the propeller noise prediction methodology, thiokness
noise was not Included because current and future V/STOL propellers are low tip speed
with moderate to high loading and thickness noise is Insignificant. Thus, the data for
correlation m the Twin Otter wil be limited to the low tip speed condtons.
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Figures 5-11 and 5-12 show good correlations between the measured and calculated
harmonic noise levels for the two wing-tip microphones In flight. Figures 5-13 and
5-14 show similar comparisons for the entire frequency range. In figure .5-13, it can
be seen that the fundamental and second harmonics of blade passing frequency are well
predicted. The measurements show the tones split between two bands. This indicates
levels of 104.5 and 98.5 dB measured compared to 105 and 99 dB calculated for the
fundamental and second harmonics, respectively. The calculated levels do not show
the split between the bands, as ideal filters are assumed. it can be seen that the mid-
and high-frequency bands are dominated by engine noise. The agreement is good to
about 5000 Hz. In the 8000 Hz band, the engine compressor tone is calculated, but
does not appear in the measurements. This could be because the tone level is over-
predicted or that the gas generator rpm is incorrectly calculated and the tone occurs

at higher frequency. The calculated A-weighted overall exceeds the measured level
by about 2 dB. However, the over-prediction is caused primarily by the engine com-
pressor tone. Reducing its level by 10 dB (to the measured level) results in very
close agreement with the measured levels. The comparison in figure 5-14 shows
generally similar results for the aft wing-tip microphone location.

It is thus apparent that, for the Twin Otter data, good correlation between measurements
and calculations are obtained at moderate propeller tip speeds in flight. Statically, the
propeller mid-frequency harmonics are underpredicted, but this is due to installation
effects. The propeller noise in flight is seen to dominate the low frequencies, but mid-
to high-frequencies are apparently due to the free-turbine engine.

Data catalog item 7 presents measurements made on a turbine powered Cessna 02T

airplane (with propellers fore and aft of the cockpit on the centerline of the aircraft).
Because of distortion from the fuselage and wakes from the wings, the aft propeller has
substantial inflow distortion. Thus, for the correlation, only the data measured on the
front propeller was used. Also, the engine design and operating parameters were not
known so that a generalized engine was used in the noise calculations.

Figure 5-15 shows the comparison between measured and calculated 02T propeller tone
noise levels for two power inputs at static conditions. Both are for a propeller rotational
tip Mach number of 0.51 and are for a location in the plane of rotation. The measure-
ments were also corrected for ground reflection effects. As the source and microphone
are close to the ground plane, the first cancellation is calculated to be beyond 800 Hz;
thus, the first two propeller harmonics include essentially full pressure doubling. The
horizontal bars in figure 5-15 indicate the equivalent measured free-field noise levels.
The crosses indicate the calculated free-field noise levels. As can be seen, the calou-
lations and measurements are in excellent agreement.

Figure 5-16 shows the comparison between measured and calculated octave band spectra
for the two static operating conditions, also in the plane of rotation. The free-field
estimates were made by applying the ground correction effects for the two discernible
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propeller tones in the 63 and 125 Hz bands (see figure 5-15) and then applying correc-
tions to the other bands assuming broadband noise. It can be seen that the noise is
calculated to be predominantly propeller noise, with little contribution from t*e ;ine.
The agreement is quite good, with a slight underprediction at the high frequencies.Figure 5-17 shows the comparison of measured and calculated overall noise directivi-
ties for the cruise and part power conditions. Since the overall noise is dominated by
low frequency components, the free-field noise levels were estimated by adding -6 4B,
the low-frequency ground reflection correction. The correlation for the cruise power
condition is very good, while the part power condition is slightly overestimated. The
calculated and measured directivity patterns agree.

Figure 5-18 shows the comparison between calculated and measured 02T peak noise
levels during flyover at cruise power. The free-field noise levels were estimated by
applying the ground correction to the fundamental and second harmonics for the 63 and
125 Hz bands, respectively, then assuming broadband noise for the other bands. It
should be noted that the fundamental was calculated to be in the frequency range of the
first cancellation and a correction of 12 dB was derived. This appears to be an over-
correction. Since the cancellation effects on tones are very sensitive to the exact ratio
of wavelength to path length difference, the ground correction effects In this case are
considered unreliable. The correlation for the 125 to 1000 Hz octave bands is good,
although the dominant noise Is calculated to be that of the engine. The noise appears
to be overpredicted above 1000 Hz. It should be recalled, however, that a generalized
engine was used In the noise calculation and not the actual 02T engine, so that judge-
ment of the engine noise calculation procedure based on this correlation is not justifled.

Flyover noise measurements on the Lockheed Electra from the Hamilton Standard data
bank were also used for methodology evaluation. This data was acquired with a micro-
phone located flush with the ground plane, so that corrections to free-field conditions
are essentially independent of frequency and airplane location. A correction of -6 dB
was used. The flyover noise was calculated for the total propulsor, including the con-
tribution from the engines, engine jet, and gearboxes. All Inputs were available, so
that a realistic engine notse estimate was made.

Figure 5-19 shows the comparison between the calculated and measured flyover time
history during normal takeof. The peak PNLT is calculated to be 104.2 PNdB com-
pared to a measured peak of 102. 2 PNdB. It is apparent that the calculated tone cor-
rection is greater than that from the measurements. On the basis of peak PNL, the
comparison is 101.7 calculated vs 100. 1 measured. It can also be seen that the shape
of the time history is calculated to be close to that measured, except for the one-half
to one second near th. peak. The calculated EPNL is 97.4 EPNdB compared to a
measured EPNL of 96.1 EPNdB.

Figure 5-20 shows a comparison of the measured and calculated one-third octave band
spectra for the maidmum PNLT. As can be seen, the low frequencies are propeller

106



it

hi-

CRIEPOWER
0

30 G0 90 120 ISO
AZIMUTH ANGLE. DEG

FIGURE 5-17. COMPARISON OF MEASURED AND CALCULATED 02T OVERALL
NOISE DIRECTIVITY

7 MEASURED-

EST. FREE-FIELD

-I

hIc

CACLAE TOTA

La

----- CALCULATED - -- -

PROPE9LLER ONLY _

63 123 310 S00 1000 2000 4000 41100
OCTAVE SAND CENTER FREQUENCY. Hz

FIGURE 5-18. COMPARISON OF MEASURED AND CALCULATED 02T FLYOVER
NOISE AT CRUISE POWER

107 __



III

X 1 

IIE SECI
FIGRE5I. OMASO OFCLUAE N ESUE LCR LOE

TMHITORY
I0IL

i B t
U4

PH

FIGURE -. COMPARISON OF MCUATED AND CEASURAED ETA FLYOE
SPMECTRASTORTELCR

ME0URE



noise dominated, while the mid- and high frequencies are controlled by the drive engine
noise. The fundamental is well predicted, but the second harmonic i slightly under-
predicted. The mid-frequency (engine) noise Is slightly overpredicted. It can also be
seen that the high-frequency test spectrum rolls off faster than the calculations. Thus,
the 1. 5 dD difference between the calculated and measured PNL can be accounted for
by an overprediction of about 1 dB at the fundamental (the maximum Noy value is set by
it) and slight overpredictlon of the mid- and high frequencies.

The final propeller noise comparison will be made for the deHavilland DHC-7 airplane.
The measurements were made using a microphone located beneath the flight path at a
height of six inches above the ground plane. This gives a first ground cancellation fre-
quency of about 570 Hz, so that the first few propeller harmonics show essentially
complete pressure doubling. The spectra were corrected to equivalent free-field con-
ditions by subtracting 6 dB from the fmdamental and second harmonics, then applying
corrections to the remaining part of the spectrum assuming broadband noise. Figure
5-21 shows the comparison of the flyover time histories for the measurements cor-
rected to free-field and calculations. The agreement during the approach part of the
flyover is very good, but the peak level is slightly overpredicted. Also, the calcu-
lations decrease more rapidly past the peak than do the measurements. The measured
EPNL is 95.4 EPNdB compared to a calculat d value of 95. 8 EPNdB.

Figure 5-22 shows the comparison between the measured spectrum adjusted to free-
field and the calculated spectrum at the peak PNLT. The propeller tones are well pre-
dicted. The mid-frequency broadband, from 315 to 1250 Hz, is significantly overpre-

ioted. This peak is calculated to be due to engine combustor noise. However, the
DHC-7 airplane engine exhaust is above the wing, so that the engine exhaust is shielded
from an observer located below. The high-frequency noise is calculated to be turbine
noise, which may also be shielded by the wing. The propeller mid-frequency noise
appears slightly overpredieted. The circles indicate the measured levels adjusted to
free-field asuming a microphone height of exactly six inches (first ground cancellation
at 568 Hz). The spectrum shows evidence of incorrect ground reflection corrections,
as indicated by the peak at 500 Hz and the valey at 800 Hz, although it In, of course,
impossible to confirm that this is actually not the true fre-field spectrum. To esti-
mate the snsitivity of the ground reflection correction to microphone height and to
see If the shape of the corrected spectrum could be improved, a second set of ground
correction vaues were calculated assuning a micropbone height of S. 4 inches. This
places the first ground scidllsan at 630 Ha. The adjusted spectrum for this assump-
tion s shown by the squares In figure 5-22. As can be son, the peak at 500 Hz is
Oliminated and the vally which was seen at 800 Hz s shallower and now appear at
1000 Hz. It is debaabe whether the assumed 5. 4 Inch micropbone height resulted in a
better estimated fre-4feld spe tm than the assumed 6 inch mltbphome height; how-
ever, the former microphome heih assmption results in a smoother, less discon-
UdnoUs spectrum. It Is ts to be ocluded that the ground reflection corrections are
very sensitive to the Mt vahoes in the calculation. An assumed change of about
rn-half Inch In UiroPkoe hi resulted In chunges to the corrections for ground
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reflections of up to 6 dB. In the case of this data, the effect of ground reflection cor-
rection on the PNL value Is small, as the first ground cancellation occured well above
the frequency of the significant propeller tones, which determine the maidmum Noy
value. However, if the data had been acquired with a more typical four-foot micro-
phone height, the first ground cancellation would have been near 70 Hz, or close to the
fundamental blade passing frequency.

For this data on the DHC-7, the high frequency ground reflection corrections have only
a small effect on the PNL. The calculated peak PNLT value of 100. 7 PNdB agrees
closely with the measured value of 99.0 PNdB, as the calculated and measured pro-
peller tone levels are In good agreement. The calculated value Is slightly higher than
the measured value because of the mid-frequency engine broadband noise overpredic-
tion.

Summary for Propellers

Static uninstalled and installed propeller noise data and in-flight installed propeller
noise data were used for comparisons of calculated and measured propeller noise. Static
uninstalled propeller noise was well predicted throughout the entire frequency spectrum,
Includi the unsteady loading noise which appears as mid-frequency harmonics. Static
installed propeller noise was underpredicted, particularly the mid-frequency harmonics.
This was due to installation effects, specifically the Ingestion of fuselage and/or ground
vortices. In flight, the noise of low-to-moderate tip speed, moderately-loaded propel-
lers Is well predicted. High tip speed, lightly-loaded propeller noise Is underpredloted,
as this contains dominant thickness noise components. Thickness noise is not Included
In the current noise prediction methodology. However, current V/STOL propeller de-
signs operate in the moderate tip speed range so that good noise estimates can be made
with the current noise prediction methodology. The in-flight propeller noise data was
acquired on airplanes in flight. The calculations indicate that only the low frequencies
are due to propeller noise. The mid- to high frequencies are due to turbine drive en-
gines.

Within the range of validity of the propeller noise prediction methodology, i.e. for un-
installed static propellers and low to moderate tip speed propellers in flight, the agree-
ment between measured and calculated one-third octave band levels is generally within
*5 dB. Agreement between calculated and measured dB(A), overall, PNL, PNLT, and
EPNL is typically within* 3 dB.

EVALUATION OF VARIABLE-PITCH FAN NOISE PREDICTION

introduction

The available data on varlable-pitoh fan noise Is limited, with very few exoeptiocf,
to that from static tests. One such eepto n In fan inlet noise measure -nts made
on a 20-inch model tested in a wind tunnel. This data was used to evalu*e forward-

111



flight effects and Is described In an earlier section of this report. The bulk of the
variable-pitoh fan notse data was acquired on electrically-driven outdoor static test
stands, although some data exists from turbine engine driven systems.

The data used In the following comparisons were selected because the first set of data
was acquired in a wind tunnel and Includes forward-flight effects, the second set of
data was acquired on an electrically-driven fan under free-field conditions, and the
third set of data was acquired on a fll-scale turbine engine driven fan under free-feld
conditions.

Comparisons of Measured and Calculated Variable-Pitch Fan Noise

Reference 11. - The data from this report was measured in a wind tunnel under several
simulated flight conditions for several fan operating tip speeds. Measurements were
made of fan inlet noise only. FIgure 5-23 presents the comparison of measured and
calculated fan Inlet noise at 60 degrees azimuth for four fan tip speeds and two simu-
lated flight speeds.

The correlations at 79 and 95% rpm are good, except for the level of the second har-
monc. The calculations show this to be due to unsteady rotor loading noise, which
decreases in level to below that of the broadband noise at 80 ets flight. The data show
much higher levels, which do not change with speed. At 95% rpm, the measurements
show an increase in the level of the third harmonic in flight relative to that at the static
condition. In contrast, the data at 106 and 116% rpm show decreases In level of all the
harmonics between flight and static conditions. The calculations generally show reduc-
tions in the levels of the tones in flight relative to those statically for all operating con-
ditions because the rotor unsteady loading noise is calculated to be dominant over the
stator tones. Operatons of the fan in forward flight results in reduction in rotor un-
steady loading noise, but does not appreciably affect the stator noise. This is supported
by the data for the fundamental at all fan speeds. Actually, with 15 rotor blades and
25 stator vanes, the fundamental tone is cut-off; thus, the fundamental tone which Is
seen in. the data must be due to rotor unsteady loading. The higher harmonics are
cut-on and, therefore, could be generated at the stator. This might be the case for the
second harmonics at the 79 and 95% rpm conditions. However, the tones at 106 and
116% rpm show substantial decreases In noise with forward flight. The correlatim of
measured and calculated tone noise is thus ambiguous.

The broadband noise is well calculated for the 79 and 96% rpm conditions. At 100%rm,
the high-frequency broadband is slightly overpredicted. At 116% rpm, ths broadamd
is overpredicted by about 10 dE. It may be noted, however, that the measured ase
levels for the 116% rpm condition are lower than those for the 106% rpm codl m, sad
do not follow the trend shown by the 79, 95, and 106% rpu data. NodI predictin
methodologies in general will show Increasing nise leys with Inceining Up speed
and increasif power Ipat. Thus, the large discrepach bteemmesund o el-
culated levels at the 116% rpm conditim result fom bhis ocmlaWted leol d to
high tip speed and power and measured levels which underwet a trea reversaL
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It is thus concluded from this correlation that for the three fan operating conditions
from 79% of design tip speed to slightly above design tip speed the correlation between
measurements and calculations is good and that the methodology properly accounts for
changes In flight speed from static to 80 kts simulated flight.

Reference 12. - The data presented in these reports were acquired on a 1. 5 ft diameter
varIable-pitch fan driven by an electric motor. The acoustic measurements were made
under free-field conditions and Include one-third octave band analyses at several azimuth
angles. Figure 5-24 shows the comparison of measured and calculated me-third octave
band sound power levels for several operating conditions spanning i tip speed range of
557 ft/sec to 811 ft/sec. -The calculations were made for fan and jet noise and Include
rotor unsteady loading and broadband noise, stator toes and broadband noise, and
fan discharge Jet noise. The correlation between neaured and calculated levels Is seen

to ~ ~ ~ ~ ~~~~~~~~~. be godfrte udmna tnfeuau ihre and frcuec niev i
to be good for the idamental tone frequency and higher. The low frequency noise is
consistently underestimated, by up to 10 dB. The origin of this low frequency noise Is
not illy understood, but may be due to high velocity fan air Interacting with the drive
rig. There is nothing in the methodology to calculate this noise, of course. The only
source of low frequency noise shown by the calculations Is jet noise, which peaks In
the 250 Hz range and holds up the low frequencies. The tones and high frequency broad-
band noise level appear to be well predicted, although the measurements do not show
the tones to be as dominant above the broadband noise as do the calculations.

Figure 5-25 shows the comparison between measured and calculated sideline PNL and
PNLT. The calculations show a greater tone correction than do the measurements,
consistent with a calculated stronger tone dominace as was seen in figure 5-24. ]h
general, the correlation between measured and calculated levels is better for PNLT
than PNL. The calculations generally agree with the measurements within * 3 dB ex-
cept for the 757 ft/sec tip speed condition which s underpredicted by about 5 dB at the
peak sideline location. However, this condition shows a questionable directivity bulge
at 100 degrees not shown by the other conditions.

Data Catalft Rem 7. - This data was acquired on a &1l-scale fan driven by a turbo-
shaft engine. Noise measurements were made under free-field conditions. Since the
engine had inlet acoustic treatment, the calculations were made with engine compres-
sor noise omitted. Also, a generalized engine was used, as the specific-engine oper-
ating parameters were not available. Figure 5-26 shows the comparison between
measured and calculated one-third octave band sound power levels. Two calculations
are shown: one with the fan and fan-Jet noise only and one inchuding the fnn, engine
combustor, engine turbin, and fan and engine jet noise. As seen, the engine noise
improves the correlations at low and high frequencies. The very low frequencies are
underpredicted, but these do not significantly contribute to the PNL's. Also, it can be
seen that some very high frequency noise ests in the test test dat, indicating that
the engine inlet treatment was not totally effective. Over the frequency range 260 to
8000 Hz the low power condition, ran AC-5, i well predicted assuming engine noise
contribution. The high power cndtion, run AC4, is rvnepredotted over te freency
range 250 to 2000 xH. The W~ber tquencles, which are ealuad to be rota bm d-
band noise, are moderately overpredioted.
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Figure 5-27 shows the comparison of measured and calculated sideline PNL and PNLT.
For both conditions, the test data and calculated tone corrections are about the same.
Run AC-3 shows exceUent agreement between mesurements and calculations, eape-
cialy near the peak In the region 100 to 120 degrees. Run AC-6 is well predicted In
the front quadrant, but slightly overpredicted In the aft quadrant. The measurements
indicate a peak PNL of 119.9 PNdB and peak PNLT of 121.3 PNdB, whereas the cal-
culated peak PNL is 123.1 PNdB and peak PNLT is 124.5 PNdB for an overprediction
of run AC-6 of about 3 dB.

Summary for Variable-Pitch Fans

The calculations show generally good agreement with the available data. Both fan tones
and broadband noise are well predicted. Limited data on a fan tested in a wind tuanel
showed good correlation with calculations of forward-flight effects. Data acquired on
two fans, one driven by an electric motor and one driven by a turboshaft engine, show
high levels of low-frequency noise which are not well predicted. However, this does
not appreciably Influence the perceived noise levels of the fans. The correlation be-
tween measured and calculated sideline PNL and PNLT is generally within about * 3 dB,
with good agreement In directivity.

EVALUATION OF FIXED-PITCH FAN NOISE PREDICTION

Introduction

Much of the available data on fixed-pitch fans were acquired on total engines either in-
stalled on test stands or installed on airplanes and tested in flyover. As such, these
data Include noise contributions from core engines. Also, the data from real installa-
tions contain Installation effects, such as shielding from wings and fuselages, propa-
gation through wing wakes, Ingestion of fuselage and wing vortices, etc. These effects
were previously described under the discussion of forward-flight effects. Low-bypass-
ratio'fans generate significant jet noise in addition to fan and core engine noise. Finally,
much data has been obtained from configurations which have some acoustic treatment
in the fan and core engine flow ducts.

Thus, it is not possible to dkey evaluate the fan noise prediction methodology, with
the possible exception of fan tones, from real engine data as those include many other
sources, of noise which may be as significant as the fan noise. However, a series of
fans driven by electric motors has been tested at NASA-Lewis. These fans weretested
statically, and the noise measurements are fairly representative of noise from isolated
fans, exept hr fan d~sohmb jet noise (which due to relatively low velocity is not
generally dominant). Several fan configuratios were also tested with Inlet and outlet
noise suppressors. It is thus possible to evaluate the fan'noise prediction methodology
using the data from these fans, and also evaluate the effects of acoustic treatment.
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In this section, the fan noise prediction methodoloa will first be evaluated using
isolated static fan noise data including the effects of acoustic treatment. Then, the
noise of fans driven by core engines will be evaluated. Finally, the fan noise predic-
tion methodology will be evaluted using airplane flyover data.

Methodology Evalustion Using Isolated Static Fan Data

Data Catlog Item 1. - This data was acquired on a slx-foot diameter fxed-pitch fan
with a design pressure ratio of 1.5 at a tip speed of 1107 ft/sec. Data is presented for
the fan operating at 60, 70, 80, and 90% of design tip speed. Although the data was
acquired with microphones Installed at the fan centerline height with noise propagation
over hard ground, the sound power levels were calculated assuming radiation over a
hemisphere, which essentially assumes a 3 dB correction for ground reflections. This
appears to provide a fair estimate of free-field levels for frequencies above a few
hundred Hertz.

Figure 5-28 shows the comparison of calculated and measured fan noise sound power
level spectra for 60, 70, 80, and 90% of design tip speed. The correlation is seen to
be quite good over the entire frequency range. At 90% of design tip speed condition,
the low frequency noise below 500 Hz Is calculated to be jet noise. This appears to be
confirmed by the measurements.

Figure 5-29 shows the comparison between measured and calculated PNL's on a
1000 ft sideline. The measured levels are based on the test data extrapolated from a
100 ft radius to a 1000 ft sideline. The data was also reduced by 3 dB to correct it
to equivalent free-field conditions. The data shows a pronounced depression in the
directivity at 60 to 70 degrees which Is not reflected in the calculations. However,
the peak sideline is calculated to within 3 dB at 60% of design speed and within 2 dB at
the three other speeds. At 80 and 90% of design speed, the agreement is good over
the entire range of angles, except for the peak in the meaurements shown at 50 dgree.

Data rom Referentce 13. - A fan very similar to the one described above was tested
earlier with noise suppressors In the inlet and exhaust. Since Installed Ins tpical
utilize, acoustic treatment, the evaluation of the noise ptiedtton methodology for
fixed-pitch fans for those installations requires a pe1OrmoO assessment of the duct
treatment methodology. Reference 13 presents noise mesurements made on am iso-
lated fixed-pitch fan which was tested statically with and without noise supressors.
Since the fan was driven by an electric motor, the only mise sources are the an and
the faa Jet.

In defining the acoustic treatment, It should be noted that the eaisting meahodoleif
does not roognize subtleties In fan geometry. For Instance, the fan described in
reference 13 ohaniges diameter through the fan rotor stage. Thus, te rokor tip dia-
meter Is 71. 81 inches, while the stator tip diameter Is 67.94 Inche ad the dis-
charge duet diameter is 68.06 incbes. Shmlarly, the reto hb-Up ratio St
the inflow fae) is 0. 50, while the diwharge duct has a "h-o-tb" 1d/o .10. 56.
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The only inputs to the noise prediction methodology are the fan rotor diameter (location
78) and the fan rotor hub-to-tip ratio (location 82). T"e are assumed constant
throughout the fan. The acoustic treatment attenuation is osloulated primuy frm
the length-to-height ratio of the treated flow (acoustic) channel. It is thus necessary
to adjust the treatment definition inputs to match the actual treatment length-to-height
ratio. The recommended procedure for making predictions for such a fan stage is
shown in the following example.

The noise suppression used on this fan is defined In figure 5-30. This consists of a
3-rn Inlet and a straigt exhaust duct with no flow splitter. First, the apprimate
treatment length-to-flow channel height of the inlet is calculated. The graphical pro-
cedure, In volume I of reference 1, may be referred to for clarification of the follow-
Ing discussion. The innermost flow channel has a height of 3. 56 Inches. Snee It is
treated on one side only, the height will be assumed to be twice that, or 7.12 inches.
The treatment length is 25 Inches for a length-to-height ratio of 3.51. The next pass-
age has a height of 7.12 Inches between treatment surfaces. The two-side treatment
length is 25 Inches (again length-to-height ratio of 3.51) with a one-side treatment
length of 2 inches. Thus, the total effective length-to-height ratio for this passage is
3.51 + 0.14-3.65. The third flow passage has a height of 7.62 inches for a length
of 27 Inches, then an effective height of 15.24 Inches for a length of 3 Inches, then an
effective height of 40.12 Inches for a length of 4 inches for a total length-to-height
ratio of 3.54 + 0.20 + 0.10 = 3.84. Finally, the outer duct has a passage height
of 7.96 Inches for a length of 34 inches, an effective height of 15.92 inches for a length
of 3 inches, and an estimated effective height of 45.8 Inches for a length of 21 Inches
for a total length-to-height ratio of 4.27 + 0.19 + 0.46 - 4.92. Since these passages
are in parallel, the total length-to-height ratio Is the treatment area weighted average
of the length-to-height ratios of the four passages, or about 4. 37. With in input fan
diameter of 6 ft aa4 a hub-to-tip ratio of 0. 50, the passage height will be calculated
to be 18 inches. Thus, for a length-to-height ratio of 4. 02, the treatment length will
be 78. 6 Inches. This could be Input as such with no splitters, or the treatment can
be defined to have 3 splItters. in the latter case, the passage heights roduced by a
factor of 4, so that to maintafn the desired length-to-helght ratio of 4.37, the leath
required is 19.67 inches, or 27% of the fan diameter. The Inlet treatment deflaitlos
to be used In the calculations is then a length of 27% of the diameter, 2 desrees-of-
freedom, and 3 flow splitters.

The exhiust trestment is simpler. The treatment length Is 88 Inchn, with a passage
height of 14.28 Inches for a length-to-height ratio of 6. 16. Sne the passage hegh
will be assumed to be 18 inches Instead of the actual 14.28 inches, the treatment length
must be input as 110.92 inches, or 154% of the fan diameter, to obtain the desired
lasng*-to-helght ratio of 6. 16. The inputs for the exhaust treatment are then a leeg*h
of 154% of the diameter with no flow splitters.

The results of the calculations are compared to the mauIemes n fsguro 5-81 for
two fan speeds. Although the comparison between nessured eand calculated fa natee
levels is not very pd (which ts suprising, as ex=ellmt correlation was obtained In
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the previous comparison for a similar fan), the trends between untreated and treated
levels are similar for calculation and measurement.

Figure 5-32 shows the effect of the treatment on sideline noise. To account for ground
reflection, the measured levels were reduced by 3 dB to adjust the test data tofree-feld
noise levels. As had been observed earlier, the measured levels show a stronger lobe
in the forward directivity than is calculated. However, the calculations show a reduc-
tion of about 8.5 PNdB in peak sideline noise which compares fairly well with measured
reductions of 14 and 12 PNdB for approach and takeoff conditions, respectively. The
reason for the better-than-predicted performance of the suppressors can be seen in
figure 5-33, which shows a comparison of measured and calculated noise suppressor
acoustic performance based on the sound power levels from figure 5-31. The correla-
tion is good, especially for the 90% rpm condition, except for the peak attenuation.
The peak value of 21 dB measured exceeds the peak of 14 dB calculated. It may be
noted that this occurs in the bands containing the fan fundamental tone. This implies
that the treatment is more effective in attenuating tones than in attenuating broadband
noise. It can be seen in figure 5-31 that the measured spectra with suppressors show
full elimination of the fan fundamental tone, thus showing better acoustic performance
for the tones than for the broadband noise adjacent bands. An alternative explanation is
that the acoustic treatment generates noise due to grazing air flow on the material. The
noise generated is broadband and equilibrium is reached when the generated noise is
attenuated to the observed noise level. This is typically results in a noise "floor"which
limits the attenuation which can be obtained, i.e. increasing the amount of acoustic
treatment does not result in additional attenuation. The attenuation of tones which exceed
the broadband noise in level will be greater, as they will be attenuated to the full capa-
bility of the treatment. Thus, the higher than calculated sideline perceived noise at-
tenuation is largely due to the better performance of the noise suppressors on the fan
fundamental tone.

Since the general case is for attenuation of broadband noise and the self-generated noise
of the treatment is not readily calculated, revisions to the methodology are not war-
ranted on the basis of these data.

Data Catalog Item 25. - This fan is similar to the one described previously, I. e. six
feet in diameter with the design pressure ratio of 1. 5 being achieved at transonic tip
speed. This fan was also tested with and without noise suppressors. Figure 5-34
shows the comparison between measured and calculated one-third octave band sound
power level spectra for 60, 70, 80, and 90% of design tip speed and with and without
noise suppressors. The bare fan at 60% of design speed is overpredicted, but the
agreement is better at the higher fan speed conditions. The fan noise data for the
configuration with noise suppressors is fairly well predicted for the four conditions.

Figure 5-36 shows the comparison of measured and calculated perceived noise on a
sideline. As expected from figure 5-34, the levels f9r the bare fan are overpredlcted.
The levels for the configurations with noise suppressors are better predicted. Finally,
figure 5-36 shows the comparison between measurid and calculated noise suppressor
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acoustic performance. These were derived from the data plotted in figure 5-34. The
negative values for the measured attenuation Indicate that the noise levels with the sup-
pressors installed were higher than those for the bare fan, which could be caused by
self-generated noise. In spite of scatter In the measurements, the agreement between
calculated and measured noise suppressor acoustic performance is good.

Methodology Evaluation Using Real-Engine Data

Data Catalog Item 20. - This data was acquired on a JT8D engine operating statically
on a test stand. The data was acquired using ground level microphones. The noise
measurements were thus adjusted to equivalent free-field conditions by subtracting
6 dB. Figure 5-37 shows the comparison of measured and calculated one-third octave
band sound power level spectra for three operating conditions: take-off, cut-back at
low gross weight, and low power. Since this Is a complete engine, the noise contains
contributions from sources other than the fan. The noise below 2000 Hz is calculated
to be primarily Jet noise with some contributions from the core engine. The peaks at
4000, 3150, and 2500 Hz for take-off, cut-back, and low power conditions, respectively,
are the fundamental tones of the first fan stage. The higher bands contain combinations
of first stage fan harmonics, tones from the second fan stage, and fan broadband noise.
The Jet noise is somewhat overpredicted, probably due to the retracted (enclosed)
primary exhaust configuration of the JTSD engine. The fan noise is well predicted for
the take-off and cut-back conditions, but is underpredicted at the low power condition.
The underprediction at the low power condition may be due to high levels of fan tone
noise due to Ingestion of inflow turbulence, possibly ground vortices, as discussed
earlier for the evaluation of forward flght effects.

Figure 5-38 shows the comparison of measured and calculated perceived noise levels
on a 100-foot sideline. The measured directivity shows a substantial peak on a 100-
foot sideline. The measured directivity shows a substantial peak at 90 degrees, which
is not calculated. The other three points define a directivity which is in fair agree-
ment with the calculations, although lower in level. Both the data and the calculations
show a peak In the directivity at about 140 degrees for the take-off condition which
shifts forward for the lower power conditions. This is Indicative of Jet noise dominance
at take-off power with a shift to fan noise dominance at low power. It is apparent that
the agreement in peak sideline noise (without including the 90 degree data) improves as
engine power is decreased. This is in agreement with the data from figure 5-37.

Hamilton Standard Data nk: DCO. - This data was acquired during airplane take-off
and landing. Although no special precautions were taken to acquire free-field data,
the microphone was located at about 12 feet above the ground plane ("ad covered with

A tall prass). It was assumed that the ground reflection effects were negligible at mid-
and high-frequencies.

Figure 5-39 shows the complison between measured and calculated PNLT time his-
tories for the airplane on take-off. Although the peak noise levels are in fair agree-
meat, the measurements show a much shoter durastic dn the calculatons. The
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more rapid drop in level in the aft quadrant could be due to a difference in calculatd
versus actual noise source contribution, while the more rapid drop In level In the frost
could be an Installation effect, -such as shielding from the wings.

Figure 5-40 shows a comparison of measured and calculated spectra for the maximum
PNLT. As for the previous data on the JT8D engine, the calculations indicate higher
Jet noise than do the measurements. This may explain the longer calculated time do-
ration after the peak noted In figure 5-39, as Jet noise peaks near 140 degres, well
past the peak PNLT point and where directivity is not changing rapidly with time. While
the jet noise appears overpredicted, the higher fan noise frequencies appear under-
predicted. These effects tend to offset one another sothat the correlation in peak PNLT,
117.4 calculated versus 115. 1 measured, is close. For the total flyover, the calculated
EPNL is 115.4 EPNdB versus 109.8 EPNdB measured. The larger difference between
measured and calculated EPNL versus measured and calculated peak PNLT is, of
course, due to the calculated longer time duration.

Figure 5-41 shows the PNLT time history during approach. For this condition, the
agreement n thp aft quadrant is better, because the jet noise is lower than it is for
the take-off condition. The level of noise in the front quadrant still drops faster than
shown by the calculations, again possibly due to shielding by the wings. The peak
PNLT is calculated to be 116.0 PNdB versus 112.7 PNdB measured. The comparison
In EPNL is 112.5 and 107.4 EP4dB for calculated and measured values, respectively.

Figure 5-42 shows the comparison of calculated and measured spectra at the peak
PNLT point. The agreement in jet noise is better than it is for the take-off condition,
although the hig frequency fan noise is underpredicted.

Data Catalog Item 14. - In this program airplane flyover noise data were acquired
during the evaluation of the refanned JT8D engines. The noise levels were measured
using a four-foot high microphone at FAR Part 36 locations. The spectra were tmew
corrected to equivalent free-field conditions. This resulted in adjustments of up to 8. 5
dB at 63 Hz and -3 dB for frequencies above 200 Ha. Engine data for two conditions,
take-off with cut-back and 50 degree flap approach, were obtained for the calculations.
Although the noise for the take-off condition was measured at ambient conditions at
62. 5F and 35% relative humidity, these could not be run an the computer booase dko
very large values of atmospheric attenuation at 20,000 Hs for these ambient co f
coase underflow at the extremes of the directivity angles. instead, the caloulaows
were.made assuming 70% relative humidity..

FIgure 5-43 shows the comparison of measured and calculatd PNLT time histories fo
the take-off condition. Both the calculations and the measuremets sho a faiy long
durtion. The calculations span about 26 seconds between the 10 dB-down points,
while the meaurements span about 20 seconds. The oalulated peak PNLT 1 90. 0
PMdR, compared to 85. 6 P21dB measured (but adjusted for ground refletions effects).
The EIL comparison is 90.7 PNdB venas 06.2 3PNdB calmlated ind measured,

138



CALCULTwo

IfailI I
II I

11-
II 1

-r4

0 1 a 3 4 S 6 7 8 9 to It 1 1 Is 14 Is

TI MS. $CC.

FIGURE 5-39. FLYOVER TIME HISTORY FOR THE DC9 AIRPLANE ON TAKE-OFF

h0i

hiI
pol i ..

2: oc IWIASUNED

0Al

FIUR CAL0 COPRSNO ESRDADCLULATEDSPCRFO

011



CAIME. 9IRC

FIGURE~~~~~~~~~~ I-1 FLOE TIM HITR FO H IPLN NAPOC

.AIf

£3 1 3 35 U5 4 7 m 6 e 9 0 *1
I/U ~~~T OMgAV sacCUlEPUUIC.

FIUR -4. LOVRTIE ITOYFOR THE OCS AIPLNEO APPROACHATliPEKP. I1

014



Figure 5-44 shows the comparison of measured and calculated spectra for the maximum
PNLT point. The ground reflection corrections give rise to several peaks In the ad-
justed spectrum, notably at 63, 200, and 315 Hz. Otherwise, the low frequency jet
noise is fairly well predicted. The levels of the high frequencies drop faster than
calculated, primarily due to higher atmospheric attenuation than could be used for the
calculations. Both the calculations and the measurements show that the combination
of atmospheric attenuation and fan duct acoustic treatment reduce the fan noise to In-

significant levels.

Figurq 5-45 shows the comparison of calculated and measured PNLT time histories.
The duration Is well predicted, although about 5 dB higher in level than measured.
The peak PNLT is 105.9 PNdB calculated versus 100.7 PNdB measured. The
calculated EPNL is 101.2 EPNdB compared to a measured value of 94. 5 EPNdB.

Figure 5-46 shows the comparison of measured and calculated spectra at the peak
PNLT point. As before, the ground reflection correction assuming a microphone height
of 4 ft (resulting in a first cancellation frequency of 69 Hz for the source directly over
head) produces extraneous peaks in the measured spectrum. The calculations show
that the peak PNLT occurs well ahead of the airplane. Locating the peak ahead of the
airplane reduces the path length difference and raises the frequency of the first cancel-
lation. An examination of the data shows the apparent first cancellation to be closer
to 90 Hz than to 69 Hz. Thus, the ground reflection corrections were recomputed as-
suming a first ground cancellation of 90 Hz (effective path length difference of 6.2 ft).
Except at 80 and 100 Hz, the adjusted spectrum looks better and more characteristic of
jet noise. It can be seen that although this refined adjustment is more consistent with
the expected noise spectrum, it really has but a &ilnor effect on the perceived noise.
The PNLT of the original adjusted spectrum was 101.4 PNdB while the PNLT of the
refined spectrum is 100.7 PNdB, compared to an unadjusted value of 103. 6 PNdB. In
figure 5-46 it can be seen that the low-frequency Jet noise is underpredited while fan
noise is overpredicted.

In support of the estimated levels, it should be stated that the ground reflection cor-
rections were assumed to be 3 d3 at high frequencies. This assumption resulted in a
PNLT correction of about 3 dB. The 3 dB adjustment, however, i Idealized in that It
assumes a perfect reflectIng ground plane. In actuality, the measurements were made
over sandy ground, which could produce relatively high absorption at high frequencies.
The ground reflection corrections could actually be considerably less than S dB.

Noise Certification Levels. - Engine data were acquired for the JT15D and JT9D-59A
for estimation of the noise on take-off and landing (approach) for the Cessna Citation
and Douglas DC-10-40 airplane.

The Citation measured noise levels are 77.7 EPNdB on take-off and 87.7 EPNdB on
landing at the FAR Part 36 locations. The calculated levels are 82.1 EP1NdB and
99.9 EP?(dB for take-off and landing, respectively. Since these calculations are for
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free-field conditions, they must be adjusted by 0 to 3 dB to correct them to equivalent
meaurments made using a microphone located at four feet above a ground plane.
The calculated levels are thus 82.1 to 85.1 EPNdB compared to measured levels of
77. 7 E PNdB an take-off. For landing, the calculated levels are 99.9 to 102.9 EPNdB
compared to measured levels of 87.7 EPNdB. Although the take-off noise levels are
in fair agreement, the approach noise levels are significantly overpredicted. t should
be recalled that the Citation engine inlets are over the wings (as described under the
forward-flight effects evaluation) and thus shielded from below. This would be expected
to produce low fan noise levels, and thus lower engine'noise levels, especially during
approach when fan noise levels dominate. Thus, the discrepancy between measured
and calculated noise levels can be explained by installation effects - namely the
shielding of the engine inlets by the wings.

The Douglas DC-10-40 measured noise levels are 10. 6 EPNdB on take-off and 106.6
EPNdB on landing. The calculated free-field levels aft 105.4 EPNdB on take-off and
108.6 EPNdB on landing. Adjusting for measurements above a ground plane would
place the estimated levels at 105.4 to 108.4 EPNdB on take-off and 108. 6 to 111.6
EPNdB on landing. These are slight overpredictions, but again the DC-10 airplane
ponflguration has installation effects which also tend to lower the noise. For instance,
the center engine inlet is shielded by the fuselage, which could account for about 1 dB
in total noise.

Methodology Evaluation Using the Generalized Engine

The primary reason for developing the noise calculation procedure discussed In this
report is the evaluation of the noise from various propulsor configurations on a pre-'
liminary design bsois. This was addressed in the development of the methodology by
including a generalized core engine. This "canned" engine would be scaled to the re-
quired size and provide the inputs to the core engine noise calculation procedures. As
this is a universal engine, it serves as both a turboshaft and a turbofan core engine
and is intended to be used for turboprops, variable-pitch fans, lift-fans, and helicopters
as well as for fixed-pitch fans.

To evaluate the performance of the generalized engine In calculating fixed-pitch fan
noise, the four flyovers previously described were recalculated using generalized core
wngines instead of the actual engine parameters. The results of these calculations are
summarized in table 5-I. These levels have not been adjusted for installation offepta,
for propagation effects other than spherical spreading and atmospheric attemutiam or
for pound reflections. As can be seen, the noise levels calculated using the genera-
lized engine are higher than those using the fully defined core engine parameters, ex-
cept for the JT1GD-1 engine on landing. This is due to the pasraulizd eMO prabAeaiEg
generally higher levels of jet noise. Also, for the JT8D-9 and JTSI)-109 engines, th
generalized core engine uses less air than the actual engine, resulting In a higher by-
pass ratio. The fan noise prediction methodology calculates higher fan diehane
noise for higher bypass ratios. The generalized core eslna for the JTOD-59A ropiUs

144



TABLE 5-I

COMPARISON OF MEASURED FLYOVER NOISE LEVELB WITH

THOSE CALCULATED USING THE GENERALIZED ENGINE

FLIGHT MEASURED CALCULATED* CALCULATED+
AIRPLANE ENGINE CONDITION EPNL EPNL EPNL

Douglas JTSD-9 Take-off 109.8 115.4 116.8
DC-B Approach 107.4 112.5 114.3

Douglas JTSD-109 Take-off 85.2 90.7 95.5
DC-9 Approach 94.5 101.2 104.6

Cessna JT15D-1 Take-off 77. 7 82.1 83.7
Citation Approach 87.7 99.9 95.6

Douglas JT9D-59A Take-off 102.6 105.4 113.2
DC-10-40 Approach 106.6 108.6 113.5

* Calculated with defined core engine parameters
+ Calculated with generalized engine parameters
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in hiber levels of core engine noise, expecially that of the compressor nd turbine,
and much bigher levels of Jet noise although the fan noise levels remain about the same.
The noise of the JT18D-1 on landing decreases because the genealized core mno
compressor noise is lower.

It is thus concluded that using the generalized core engine for fixed-pitch fan noise
calculations will result in some overpredictions. Based on the comparison ad calcu-
lated and measured EPNL for take-off and landing for the four engines (8 data ponts),
the calculations with the generalized core engine overpredicts by an average of 8.2

EPNdB, compared to an average overprediction of 5.5 EPNdB for the calculations done
using the actual core engine parameters. As a first approximation, the noise estimates
made using the generalized core engine can be reduced by 8.2 EPNdB for a better
estimate. Alternately, a more sophisticated approach to the generalized core engine,
i.e. one specifically tailored to a particular class of turbofans, can be used. This,
however, is beyond the scope of the current effort. In -any case, it should be noted
that the correlation Is based on a limited number of engines, all Pratt and Whitney
designs. Other engines may show different correlations.

Summary for Fixed-Pitch Fans

The correlation between calculated and measured isolated, static fan noise levels are
in reasonable agreement, although the calculations tend to overpredict at high fre-
quencies. Based on evaluation of calculated noise suppressor performance, It appears
that the broadband noise attenuation is good for moderate levels of treatment.

It Is more difficult to assess the performance of the fan noise prediction methodology
for complete engines as other sources of noise, such as those of the jet and core engine
are sIgniflcant contributors. Also, for the cases of airplane flyovers, installation
effects appear important. In general, the calculated levels exceed the measurements,
particularly if the measurements, are assumed to include significant ground reflection
effects. If it is assumed that the measurements are representative of free-field con-
ditions, as might be the case for measurements made over grass-covered sand, the
correlation between measured and calculated EPNL is about 5 dB for the JT8D-9 egine,
6 dB for the JTSD-109 engine, 4.5 dB on take-off and 12 dB on approach for the JT15D-l
engine, and 3 dB for the JT9D-59A engine: an average o 5.5 EPNdB. The agreement
is typically better on the basis of peak sideline PNL and PNLT. Some of the differences
are due to Installation effects. For instance, the JT15D-1 engines Installed on the
Cesspa Citation have their inlets over the wing and thus the engine Inlet noise Is shielded
from below. This is especially significant for the approach condition where fan noise
dominates. The center JT9D-59A engine inlet on the DC-10-40 airplane is shelded by
the fuselage.
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The noise calculation procedure using the generalized cove engine was also evaluated.
This typically showed higher noise levels than those calculated using the defined core
engine parameters. This occurred because the generalized core engine resulted in
higher compressor and jet noise levels.

Using the generalized engine, the calculated noise levels exceed the measurements by
6 EPNdB for the JT15D-1 on take-off to 10. 6 EPNdB for the JTgD-59A on take-off,
with an average of 8. 2 EPNdB. Eliminating the 3"115])-1 on approach as a specialcase,

the average was 4.6 EPNdB with a standard deviation of 1.7 dB for the calculations
using the defined engine parameters. As the standard deviations are small, good
approximations can be achieved by adjusting the calculated EPNL downward by 4.6 d7
for the calculations done using the defined engine parameters and by 8.2 dB for the
calculations done using the generalized core engine. However, the user is cautioned
that this is based on a limited number of calculations, all of which were done for engines
designed by Pratt and Whitney. Other eqgines, of different manufacture, might show
other results.

EVALUATION OF HELICOPTER NOISE PREDICTION

Introduction

The major problem In evaluating the noise prediction methodology for helicopters is the
lack of suitable data. All the data Identified were acquired with microphones located
typically at four feet above a ground plane, with one exception. Data acquired at
NASA-Langley utilized a ground-level microphone, but this was at a 4200 ft sideline
for a low altitude flyover. Apart from resulting In only a small directivity change, this
shallow a viewing angle generally results in excess attenuation due, in part, to grazing
propagation along the ground. Thus, this data was not used, as it traded-off ground
reflection effects for ground-to-ground propagation effects. Although it is generally
possible to correct broadband noise with a relatively smooth spectrum (e.g. jet noise)
for ground reflection effects, it is extremely difficult for sources containing low
frequency tones, except when the microphone Is located directly on a hard surface.
As an example, the measured spectrum from a Sikorsky S-61 helicopter (from Data
Base Item 3) was adjusted for ground reflection effects for the for-foot microphone
height used in the measurements. Figure 5-47 shows the as-measured and adjusted
spectra for the aircraft at 500 feet overhead. As can be seen, the spectrum shows a
first cancellation In the 63 to 80 Hz range. The first reinforcement would then occur
at 125 to 160 Hz, the second cancellation at 200 to 250 Hz, etc. These are not in per-
fect agreement with calculations. The calculated ground reflection corrections for
the first 10 main rotor harmonics (16.92 Hz blade passing frequency) are -5. 4, -3.2,
1.7, 21. 8, 3.5, -2.4, -5.1, -6.0, -5.6, and -3.8 dB. It can be seen that the fourth
harmonic Is calculated to be very close to the first cancellation frequency, while the
eighith harmonic Is near the first reinforcement frequency. Since the low frequency noise
is calculated to be due to the main rotor tones, the above corrections should be applied
to the one-third octave bands which contain the particular tones. The resulting "Cor-
rected" spectrum (to 160 Hz) i shown n figure 5-47. As can easily be seen, the
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corrected spectrum is no better than the measured spectrum. In fact, its appearance
may be considered to be worse. Apparently, the measurements do not justify a 21. 8
dB correction for the 63 Hz band, and the correction of -5.6 dB for the 160 Hz band
appears excessive. The corrections for the 100 and 125 Hz bands appear reasonable,
if that part of the spectrum is indeed a reinforcement. It is thus apparent that correct-
Ing the data to equivalent free-field conditions is not feasible, especially at those
frequencies where cancellations are believed to occur. This is because the cancellation
pattern for pure tones is very sharp. Small discrepancies In frequency can result in
significant changes in the correction value. The discrepancies in the frequencies can
come about due to uncertainties in the rotor speed and the Doppler frequency shift.
The discrepancies in the cancellation frequencies occur due to uncertainties in exact
microphone height, propagation path lengths, temperature gradients, wind, impedance
of the ground, etc. Another consideration Is that the composition of the source is not
precisely known - it cannot be determined from the one-third octave band spectra if
the noise is broadband, tones from the main rotor, or tones from the tail rotor. Due
to differences in frequencies, the corrections for each of those sources are different.

It is thus apparent that one-third octave band analyses for noise sources containing
significant low frequency tones are very difficult to correct for ground reflection effects.
A more reasonable approach is to adjust the calculated levels for ground reflection
effects. This offers several advantages. First, this can be done on a component basis,
1. e., the main rotor tones can be adjusted separately from the tail rotor tones which
are ad)usted separately from the broadband noise sources, with the total noise then
being the sum of the adjusted'sources. Second, the adjustments for ground reflections
are limited to the range - o to +6 dB (full cancellation to full reinforcement), so that
large positive Increments, as, for example, the 21.8 dB correction to the 63 Hz band
for the case shown In figure 5-47, are avoided. Third, this would be done In the com-
puter program, which would save many man-hours of effort working with measured
levels. At the time the noise prediction procedure was developed, the requirement
was for estimates of free-field noise. Also, there were no defined procedures for
calculating ground reflection effects. Although it is beyond the scope of the current
effort to implement ground reflection effects Into the existing computer program,
existing procedures, such as that of reference 8, should be added In a future update.
An alternative, which is Ifkely to be more successful, is to acquire additional data
using microphones which are flush with the ground. This results in constant low fre-
quency pressure doubling yielding an adjustment to free-field of -6 dB which Is inde-
pendent of the source distrftion and source location.

Due to the difficulty and generally poor results of correcting the helicopter noise mea-
surements for ground refection effects, this effort was discontinued. The correlations
shown In the following discussion were made using the as-meesured levels, uncorrected
to equivalent free-field conditions, compared to calculation made for free-field condi-
tions. The low frepemy tones may be affected by up to - m dB at full cancellation and
up to +6 dB at full relmforement. At higher frequencies, reflections from a perfect
reflecting surfae would be expected to result in levels which are +, dB above those
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under free-field conditions. In actual practice, low frequency corrections are probably
in the -15 to +6 dB range, while the high frequency correction may not be as high as
3 dB. Measurements made over soft ground or grass may be fairly representative of
free-field levels at high frequencies, as indicated in figure 5-48. On the basis of the
results shown in figure 5-48, measurements made over grass are only about 1.5 P14dB
higher than free-field noise levels.

Comparison of Measured and Calculated Helicopter Noise

Bell 212 From Data Base Items 3 and 4. - The noise from this helicopter was mea-
sured using a microphone located at four feet above the ground at a "soft" site. Data
was acquired during hover and flyover at flight speeds of 60, 99, 110, and 114 kts.

Figure 5-49 shows the comparison of measured and calculated helicopter noise for the
hover condition. The measured spectrum for the helicopter directly overhead shows
several valleys and peaks, notably at 80, 160, 315, and 500 Hz. The first ground can-
cellation is calculated to occur in the 80 Hz band. The adjustment to free-field con-
dition, assuming broadband noise, is calculated to be about 9 dB. The second ground
cancellation would then be expected to occur inthe 250 Hz band, although it appears in
the 315 Hz band. The peak in the 160 Hz band could then be the first ground reflection
reinforcement, justifying a correction to free-field conditions of -5.5 dB. The next
reinforcement would be expected to occur in the 315 Hz band witn an adjustment of
about -4.5 dB, but appears in the 500 Hz band. The level of ground reflection correc-
tions to be applied to the measured spectrum to adjust it to equivalent free-field con-
ditions thus appears reasonable, but the frequencies are in disagreement. At higher
frequencies the comparison between calculated and measured levels is quite good. As
the data was acquired at a "soft" site, high frequency ground reflection effects are pre-
sumably small.

At the 500 ft sideline location, ground reflection effects are also apparent In the mea-
sured noise spectrum, although not as extreme as those seen at the overhead location.
Again the agreement between measured and calculated levels is quite good at high
frequencies. The comparison between measured and calculated PNLT values is 97.6
verus 95.0 PNdB and 92.2 verus 91.7 PNdB for the directly-overhead and 500 ft-side-
line positions, respectively. The agreement between measured and calculated PNLT
would be improved, particularly at the overhead location, If the ground reflection
corrections were applied at low frequencies on the basis of level and not frequency
(I. e. applying the correction to the band which is Indicated by measurement rather
than to the one calculated on the basis of microphone height). This results In the ad-
justed spectrum shown by the squares in figure 5-49. This adjusted spectruim provides
a PNLT value of 95.6 PNdB, in close agreement with the calculated value of 95.0 P4dB.

Figure 5-50 shows the comparison between measured and calculated helicopter noise
levels daring flyover at the time of maximum PO4LT. As for the hover data, ground
reflection effects are apparent in these spectra. At 60 kts, the mid- and high-frequency
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noise is overpredicted by about 5 dB. This provides a comparison between measured
and calculated PNLT of 91.6 PNdB versus 94.6 PNdB, and over prediction of 3 PNdB.
At 99 ki, the mid- to high-frequency spectrum overprediction is only about 3 dB and
provides a comparison in PNLT of 94. 0 PNdB measured versus 94.8 PNdB calculated.
At 110 and 114 kts, the agreement at mid- and high frequencies is excellent. The
comparison between measured and calculated PNLT i 95.2 PNdB versus 94.2 PNdB at
110 kts and 95.7 PNdB versus 94.3 PNdB at 114 klt. The higher-than-calculated levels
at 110 and 114 kts flight are due, in part, to the ground refledction effects seen In the
125, 160, and 200 Hz bands. Nevertheless, the agreement between measured and
calculated PNLT values at the overhead location during flyover is good, showing an
overprediction of 3.0 PNdB at 60 kts to an underprediction of 1.4 PNdB at 114 kts.

Figure 5-51 shows the comparison between measured and calculated PNLT time his-
tories during flyover at 60, 99, 110, and 114 kts. It should be noted that the measured
and calculated time histories are related only to the time of occurrence of the maximum
PNLT value, and not the physical location of the helicopter (i. e. time of overhead loca-
tion). In all cases, the measured PNLT time histories are considerably longer than
the calculated PNLT time histories. This occurs primarily because the Bell 212 heli-
copter produces impulsive main rotor noise (blade slap) which is apparent ahead of the
helicopter. Thus, the signature of the helicopter is strong in impulsive noise as it is
approaching, which results in a long duration. This is particularly apparent for the
114 kts flyover condition which show a nearly constant PNLT from 11 seconds before
the peak to 2 seconds before the peak. impulsive noise does not radiate directly below
or to the rear, so that the PNLT would be expected to decrease more rapidly past the
peak. The helicopter noise calculation procedure does not include impulsive noise, so
that the PNLT time history on approach is underpredicted. However, past the peak,
the agreement is fairly good. Thus, the measured duration correction is greater than
that calculated. This results In measured EPNLT values of 96.3, 96.7, 98.6, and
99.3 EPNdB vs calculated values of 93.6, 91.9, 91.4, and 91.3 EPNdB for 60, 99,
110, and 114 kta, respectively.

Skorsky 5-61 from Data Base Rems 3 and 4. - Sikorsky 8-61 helicopter noie was
measured during hover and flyover at 60, 100, and 115 kUs flight speed. Measurements
were made with a microphone located four feet above a ground plane at a "hard" site.
The 110 Ift flyover noise was also measured at a "soft" site.

Figure 5-52 shows the comparison between measured and calculated noise during
helicopter hover directly overhead. Ground reflection effects are apparent at 63 and
200 Hz and probably contribute to the peaks at 160 and 250 Hz. At higher frequencies,
the ground reflection effects would be expected to increase the measured levels by 3
dB over free-field conditions. It is apparent that correcting for ground reflection
effects would improve the correlation between measurements and calculations at low
frequencies,. but the mid-frequencies will remain underpredicted by about 7 dB. At
high frequency, the agreement Is again good. The reason for the peak at 100 to 800
Hz In'the measured spectrum cannot be established from the 1/3 octave band analysis.
However, the main rotor has a blade passing frequency of 16. 9 Ha, so that It would
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require more than 50 harmonics to contribute to the frequency range extending to the
800 Hz band. This does not appear plausible. The tail rotor has a blade passing fre-
quency of 94. 7 Hz, in a more reasonable range to contribute to the peak. in fact, It Is
observed in the data report that the helicopter noise sounds propeller-like when over-
head. This indicates that the tail rotor tone noise is a dominant source. The calculatioms
place the tail rotor noise at more than 10 dB below that of the main rotor in the 400 Hz
band. This is consistent with the main rotor having a power Input about 7 times that of
the tagl rotor. However, the noise calculations are for isolated rotors under uniform
inflow. It is well known that inflow distortion will significantly raise the noise generated
by a low to moderate tip speed rotor. Thus, the high levels of measured tail rotor noise
are believed to be due to installation effects. The tail rotor is installed on the vertical
tail with the thrust direction toward the tail. This results in significant blockage of the
tail rotor inflow. The result is the generation of strong harmonics of blade passing
frequency which extend well Into the mid-frequencies. In flight, the wake from the
vertical tail is blown downstream, so that the tail rotor inflow distortion is less and
the noise would be expected to be significantly lower than during hover. This indeed
appears to be the case, as shown in figure 5-53 for the helicopter noise during flyover.
At 60 kts, the 100 to 800 Hz peak is not evident. The level of the 400 Hz band is 10 dB
lower than during hover. It is thus concluded that the high levels of mid-frequency noise
during hover are due to high levels of tail rotor noise caused by inflow distortion. This
was also discussed earlier under the evaluation of forward-flight effects and offered as
the explanation for the observed significant reduction in noise between hover and flight
for conventional helicopters. As a point of Interest, It may be recalled that the Bell 212
helicopter did not have apparent high levels of tail rotor noise as are shown by the
Sikorsly S-61 helicopter. Although tail rotor noise could be contributing to the peaks
attributed to ground reflection effects, it would be expected that the tail rotor noise in
the Bell 212 is not as dominant during hover. This is because the tail rotor blade pass-
ing frequency is only 55.4 Hz, thus requiring many more harmonics to extend into the
mid-frequencies, and the tail rotor thrust direction is away from the vertical tail so
that the rotor wake interacts with the vertical tail rather than the tail producing inflow
distortion. Although this configuration probably also produces interaction noise, it is
not as intense as that produced by inflow distortion into the rotor.

As would be expected, the hover noise is underpredicted. The calculated PNLT is
94. 9 PNdB, compared to a measured level of 99.7 PNdB. In flight, the agreement is
better, as shown in figure 5-53. Ground reflections are apparent up to about 500 Hz,
but the calculated levels fill in quite well between the peaks and valleys at low frequen-
cies. The 115 kt flyover condition was measured at both the "hard" site and the
"soft" site. As may be seen, the major effect is that levels at the "soft" site are
about 2 dB lower than levels at the "hard" site at high frequencies. The comparison
between measured and calculated PNLT values Is 93.0, 93.9, and 92.3 PNdB verus
93.7, 93.7, and 93.5 PNdB for 60, 100, and 115 kts ("hard" site), respectively. The
"soft" site PNLT value is 89.0 PNdB, or 3.3 PNdB lower than for the "hard" site.
measurement. It Is apparent that the calculations are in better agreement with un-
corrected measurements made at the "hard" site rather than those made at the "soft"
site.
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Figure 5-54 shows the comparison of measured and calculated PNLT time histories
for the three flight speeds. The agreement is quite good. In contrast to the Bell 212
helicopter, the Sikorsky S-61 helicopter does not produce blade slap and thus does not
produce high levels on approach. The calculated EPNL values are 92.8, 90. 8, and 90.3
EPNdB at 60, 100, and 115 kts, respectively, compared to measured values of 91.5,
91. 1, and 90.4 EPNdB. The "soft" site measurement is 88.0 EPNdB, or 2.4 EPNdB
below that of the "%ard" site.

It is thus concluded that the Sikorsky $-61 helicopter noise is underpredicted signifi-
cantly during hover, due primarily to installation effects associated with tail rotor
noise. For the flyover conditions, the calculations show excellent agreement with
unadjusted (to free-field) measurements made over hard ground.

Sikorsky S-64 from Data Base Items 3 and 4. - The comparison between calculated and
measured hover noise for the Sikorsky S-64 helicopter, acquired as part of the series
which included the Bell 212 and Sikorsky S-61, is shown in figure 5-55. As for the
S-61 helicopter, the hover data shows high levels of noise in the mid-frequencies. This
again is believed due to the tail rotor caused by inflow distortion from the vertical tail.
The calculated PNLT is 97.5 PNdB compared to a measured value of 104.8 PNdB.

Figure 5-56 shows the comparison of the overhead noise spectra for flyovers at 60 and
85 kts. In spite of ground reflection effects, the agreem&nt between measured and
calculated levels is good. The calculated PNLT values are 96.3 and 96.0 PNdB at
60 and 85 kts, respectively, compared to measured values of 95.8 and 96.5 PNdB.
The measurements were made at the "hard" site.

Figure 5-57 shows the PNLT time histories. The agreement between measurements
and calculations is generally good. The time duration agreement is good, except for
the 60 kts flyover measurements which show the noise holding up beyond 7 seconds
past the peak. The measured EPNLT values are 96.6 and 94.7 EPNdB compared to
calculated values of 95.2 and 93.5 EPNdB for 60 and 85 kts, respectively.

Thus, the Sikorsky 5-64 helicopter also shows high levels of noise during hover which
are underpredIcted. During flyover, the calculated levels are In good agreement with
the unadjusted levels measured over hard ground.

Data Bass Item 2. - This data report presents noise measurements made on a Hughes
OH-6A helicopter which was modified for noise reduction. Data was acquired during
flyover at 40, 60, and 85 kts. For comparison with calculations, the configuration witha
four-bladed tail rotor, conm-pration B, was selected. This configuration was chosen
because it had reduced tail rotor noise. In contrast to the Sikorsky S-64 helicopter,
this is a small helicopter and thus represents the other extreme in helicopter size.
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Figure 5-58 shows the comparison between measurements and calculations for the max-
Imum noise point during level flyover. Measurements were made with a microphone
located at approximately four feet above a ground plane. As may be seen In figure 5-58,
ground reflection effects are apparent. Also, the data shows a small amount of scatter.
It is apparent that the high-frequency noise is overpredicted. The comparison of mea-
sured and calculated PNLT levels is 90.7, 92.0, and 93. 1 PNdB versus 95.1, 95.1, and
95.0 PNdB for 40, 60, and 85 kts, respectively. The measured levels are the average
of the data shown In figure 5-58. It is apparent that the Hughes OH-6A helicopter noise
is slightly overpredicted.

Figure 5-59 shows the comparison of measured and calculated overall noise time his-
tories for the 40 kt flyover. Although the calculAted values are about 3 dB higher than
the measured values, the calculated shape of the time history is in good agreement
with that measured.

Itis thus apparent that for the small helicopters represented by the Hughes OH-6A, the
helicopter noise calculation procedure tends to overpredict by 3 to 5 PNdB.

Kaman HH-43B Helicopter from Reference 6. - This helicopter is of particular interest
in the evaluation of the helicopter noise prediction methodology for hover conditions.
as it does not have a tail rotor. Instead, is uses two side-by-side counter-rotating
main rotors. Reference 6 represents noise measurements made during hover and dur-
ing 85 kts flyover. As with previous data, the microphone was located four feet above
a ground plane.

Figure 5-60 shows the comparison between measured and calculated levels during hover
and 85 kts flight. It is apparent from figure 5-60 that the spectrum during hover is
very similar to that during flight. In contrast to the data from conventional helicopters,
there is no mid-frequency peak during hover which disappears in flight. This supports
the assertion that the conventional helicopter noise signature contains significant tail
rotor noise due to installation effects.

Figure 5-60 shows that the noise is slightly underpredicted at high-frequency. This
could be due to higher rotor noise inflow distortion caused by the intermeshing main
rotors. In hover, the meadured PNL is 96 PNdB compared to a calculated value of
91 PNdB. In flight, the measured PNL is 91 PNdB compared to a calculated value of
87.5 PNdB.

Data Base Item 6. - This data was also acquired on a Kaman HH-43B helicopter during
flyover at 40, 60, and 70 kts flight speed. Noise measurements were made using a
microphone located at four feet above the ground plane.

Figure 5-61 shows the comparison between measured and calculated peak flyover noise
levels for 40, 60, and 70 kts flight speed. It is apparmnt from figure 5-6l that the

measurements have little scatter. The correlation between measurements and calcu-
lations is very good. The measured PNL values, based on the average of the three
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sets of data indicated at each night speed, are 96.6, 96.6, and 96.9 PdB for 40, 60,
and 70 kts flight speed, respectively. This compares to 98. 6, 98.6, and 98. 8 PNdB
calculated, an overprediction of 2 PNdB.

Figure 5-62 shows the comparison between measured and calculated overall sound
pressure level time histories for the helicopter at 60 kts. The calculated values appear
to match the average of the measurements very well.

This data is slightly overpredicted, in contrast to that from reference 6 which was

slightly underpredicted.

Summary for Helicopters

Since all the helicopter noise measurements were made using microphones located four
feet above a ground plane, ground reflection effects were very apparent at frequencies
below 500 Hz. Attempts to correct for ground reflection effects were not successful,
primarily because the calculated frequencies of reinforcements and cancellations do not
seem to match their apparent locations in the measured spectra. It was thus not possible
to verify the agreement between measured and calculated one-third octave band spectra
at low frequencies. Despite these limitations, the agreement between measured and
calculated Perceived Noise Levels appears quite good.

It was found that conventional helicopters appear to produce high levels of tall rotor
noise during hover, probably due to severe inflow distortion from the vertical tail. In
flight, the inflow distortion is diminished and tall rotor noise decreases. Thus, these

showed significantly higher noise levels during hover than were calculated. Only one
helicopter, the HH-43B, showed similar noise levels dhri4 hover and flight. This was
attributed to the fact that this helicopter does not have a tail rotor.

The PNLT time histories are quite well calculated for those helicopters which do not
produce significant blade slap. The Bell 212 has blade slap, which prolongs the dura-
tion of the flyover significantly. Since the helicopter noise prediction method does not
Include impulsive noise, the duration correction is underpredicted for this helicopter.

Table 5-11 presents the summary of comparison between measured and calculated hell-
copter noise levels. The measured levels are based on as-measured spectra and do not
include any adjustments for ground reflections. For the hover conditions, the calcula-
tion procedure underpredicted by 0.5 PNdB (for the Bell 212 sideline condition) to 7o 3
PNdB (for the Sikorsky 8-64). The average measured-mius-calculated level is 4. 0
PNdB with a standard deviation of 2.6 PNdB.

The agreement between measured and calculated peek PNLT and peak PNL (for the
Ksman HH-43B) during flyover is seen to be better. For the flyovers the averae
measured-minus-calculated level in -0. 9 P1NdB with a standard deviation of 2.0 PNdB.
The average measured-mnus-calculated EPNL is 2.7 EPNdB with a standard deviation
of 3.3 EPNdB. However, this includes the data from the Bell 212, which was shown
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TABLE 5-Il

SUMMARY OF THE COMPARISON BETWEEN MEASURED AND CALCULATED
HELICOPTER NOISE LEVELS

BELL 1 Sikorsky S-61

Flight PNLT EPNL Flight PNLT EPNL
Condition Meas Caic Meas Caic Condition Meas Caic Meas Calc

Hover- 97.6 95.0 - - Hover 99.7 94.9 -

Overhead 60klts 93.0 93.7 91.5 92.8
Hover- 92.2 91.7 - - 100 kts 93.9 93.7 91.1 90.8
Sideline

60kIts 91.6 94.6 96.3 93.6 115 kts 92.3 93.5 90.4 90.3

99 kcts 94.0 94.8 96.7 91.9

110 kcts 95.2 94.2 98.6 91.4

114kIts 95.7 94.3 99.3 91.3

Sikorsky S-64 Hughes OH-6A

Flight PNLT EPNL Flight .PNLT
Condition Meas Caic Meas Caic Condition Meps Calc

Hover 104.8 97.5 - - 40 kts 90.7 95.1

60 kts 95.8 96.3 96.6 95.2 60 kts 92.'0 95.1

85 kcts 96.5 96.0 94.7 93.5 85 kcts 93.1 95.0

Kaman HH-43B

Flight PNL

Condition Meas Caic

Hover 96.0 91.0

40Okts 96.6 98.6

60 kta 96.6 98.6

70 Its 96.9 98.8

85 kta 91.0 87.5
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to have very long flyover time histories due to high levels of impulsive noise. Elim-
inating the Bell 212 data from the computation gives an average measured-minus-
calculated EPNL of 0.3 EPNdB with a standard deviation of 1. 1 EPNdB.

It is thus concluded that helicopter flyover noise levels calculated using the current
methodology are in good agreement with flyover noise levels measured using a micro-
phone located at four feet above a "soft" ground plane.

EVALUATION OF CORE ENGINE NOISE PREDICTION

Introduction

The data available for isolated core engine noise is very limited. Although some
data exists on isolated components of engine noise, such as that from the combustor,
the measurements are usually made on special test facilities and do not include the
effects of propagation through the rest of the engine (such as through the turbine stages).
The two cases selected for this study were chosen because the first is an uninstalled,
isolated engine while the second is installed in an airplane nacelle and thus shows the
effects of inlet and exhaust ducting.

Comparison of Measured and Calculated Core Engine Noise

T-56 Engine from the Hamilton Standard Data Base. - This engine was tested out-of-
doors on an isolated test stand. As this is a single shaft engine, it can be (and was)test-
ed without a load at idle. Although the engine power output is negligible, it was run at
full output rpm and thus the turbine was developing power to keep the compressor running.

The measured levels were corrected for ground reflection effects using the procedure
from reference 8 and extrapolated from a constant 43-foot measurement radius to a
43-foot sideline. Figure 5-63 shows the comparison between measured and calculated
levels for five azimuth angles, from 45 degrees (with zero degrees along the inlet axis)
to 135 degrees. Although the low-frequency (combustion) noise Is underpredicted and
the high-frequency compressor noise is overpredicted at the two forward locations,
the agreement is fairly good for the 90, 112. and 135 degree locations, where the
total propulsor noise normally peaks.

T-54 EaWe from Reference 15. - This data was derived from Lockheed Electra turbo-
pn* ftwelr noise measurements. The comparison shown in figure 5-64 is for four

Wh for the peak PNLT point for a flyover at 584 ft at the take-off condition.

1" - is between measured and calculated levels at frequencies below 1600 Hz
w god. ie at the peak by only 3.5 dB. Above 1600 Hz, the engine noise is over-

um . The hd-frequency noise is calculated to be that from the turbine. As un-
a waie (fiure .- 63) showed better agreement between measured and

&eleW is th a* quadrant, the apparent overprediction is believed to be an
d w dMo efcts, such as attenuation from the tailpipe or shielding by

op me P e mst Is above the wing).
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Summary for Core Engines

Although the sample of engine noise dati is small, the correlation between measured
and calculated core engine noise showed encouraging results. The agreement in the
aft quadrant was good for an isolated engine. For the installed engine, the low-
frequency noise appeared well calculated while the high-frequency turbine noise was
overpredicted. However, this could be due to installation effects, such as talpipe
attenuation or wing shielding.

EVALUATION OF JET NOISE PREDICTION

Introduction

Much of the jet noise data is from model jets and includes noise measurements made
on cold and hot jets as well as single and coaxial jets. Some data includes flight effects
by forward-flight simulation in a wind tunnel. Some data was also found In full-scale
jets. These are measurements made of engine exhaust. Thus, the engine Jet noise
data could be contmnated by other noise sources, such as combustors and turboma-
chinery. This can be a significant problem at low jet velocities, as jet noise decreases
rapidly with decreasing stream velocity. Model jets generally do not have other
sources of noise, as the supply-air compressors are remote and well muffled. How-
ever, model jets have typical nozzle diameters of a few inches, compared to up to
several feet for full scale engine exhaust nozzles, thus requiring large scaling func-
tions to full-scale.

The data which was used for the evaluation of the jet noise prediction methodology was
selected first because it was considered to be high quality data and second because the
necessary information to perform the calculation was available. It should be noted
that the jet noise calculation subroutine uses jet net thrust, weight-flow-rate, and
nozzle area as inputs. The jet noise prediction method Is based primarily on jet velocity
with adjustments for jet density, frequency spectra adjusted for jet temperature, and
forward-flight effects based on flight speed. The jet velocity, density, and temperature
are calculated in the subroutine by applying aerodynamic relationships (perfect gas law,
momentum equation, etc). In some cases, test reports indicate jet velocity, density,
and temperature while others indicate jet thrust. in the first instance, the parameters
given were used to calculate jet thrust and weight-flow-rate for input to the noise pre-
diction method rather than using them directly in the jet noise calculation procedure.
Although this could lead to greater errors due to the conversion from Jet velocity, den-
sity, and temperature to jet thrust and weight-flow and back again, it is more repre-
sentative of the way jet noise is normally calculated by the jet noise subroutine and thus
gives a more realistic evaluation.

Comparison of Measured and Calculated Model Jet Noise

The comparisons between measurements and calculations presented in this section are
for model jets. These Include single stream jets and coaxial jets, hot Jets and cold
jets, and static Jets and Jets in simulated forward-flight. In all cases, measurements
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were made under free-field conditions (although in one or two instances unel rever-
beratien effects were marginal at some frequencies) s6 that comparisons between
measurements and calculations could be made directly.

DM& Ue Am 9e - This report presents noise measurements made on a hot, single
stream jet under static and forward-fli conditions. Two static jet coadftions were
caloulated. The first conditions was for a Jet velocity of 1325 ft/sec (jet thrust of
306.5 lbe and weight-flow-rate of 7.45 lb/sec). The comparison between calculations
and measurements Is shown in figure 5-65. This fgure shows the comparison between
measured and calculated noise directives for the one-third octave band levels at octave
bad center frequencies. The comparison is seen to be very good, particularly In the
frequency range 1000 to 8000 Hz. Both the levels and the directivity are seen to be
well predicted.

Figure 5-66 shows the comparison between measurements and calculations for the
second condition, a jet velocity of 1640 ft/sec (jet thrust of 488.5 lbs and weight-flow-
rate of 9.59 lb/sec). Although this condition Is not as well predicted as the previous
one, the correlation is still quite good. The location of the peak directivity is well
predicted at all frequencies except 2000 Hz which misses by about I0 derees. In all
cases, the calculated levels are within about * 3 dB of the average of the measurements.

Figure 5-67 shows the comparison between measured and calculated jet noise levels for
a simulated forward-flight condition. This condition is for jet velocity of 1641 ft/see
(Jet thrust of 442.5 tbs and weight-flow-rate of 9.59 1b/sec) and simulated flight speed
of 151 ft/sec. As for the static conditions, the 250, 500, and 16000 iz band levels ar
slightly underpredicted at the directivity peak. At all other bands, the agreement Is
excellent at all aimuth angles.

On the basis of comparison between measured and calculated jet noies levels for this
model Jet, the jet noise prediction method appears to do well, showing excellent agree-
ment in level, directvlty, and forward-flight effects.

. - The single jet noise measurements presaed in this paper were
oba pe-jet wind tunnel and thue include the efmots of simulated forward-
flght. The data used for comparison with the calclations were adjudse for propaon
through the moving medium and through the shear layer. Figure 5-48 show the com-
parison of measured and oaulated jet noise 1/3 octave band spectra for tre Jet ye-
locitdes, all at an awe of 130 degrees and a tunnel speed of 200 ft/so. The owroela
tion is very good for all three jet velocities. Both the peek levels and the sp at-e
shapes ar well predicted. The lowest Jet velocity condition Is sligt u drpe
and t highest jet velocity codtion is s1ightLy overp'edtd, Indag t the va,-
iallonido jet noise with jet velocity is alculated to be more ta the show by uam-
Sur1menta. lIowever, the diseepmnt is only about 1 d at the 00 ft/se oaml=
and abiut 2 dl at e 167#0 ft/scondition.

tN 178



U. I VMEASURED

0 w

30 40 so so I"0 ORO 140 too
ANGLE. 0E0 ME JET INLET

m ORLe
Faco20 4

110

;CALtCULATfDI

so so lee ISOS 140 100
ANGLE, 090 R JCT INLET

FIGURE 545. COMPARISON OF MEASUREfD AND CALCULATED JET NOISE FROM DATA
BASE ITEM 9- STATkC CONDITION, 1323 PT/SEC JET VELOCITY



I: 00

2'!
4 CALCULATCD

S 70-
so 40 so so 100 120 140 1SO

ANGLE. DES MtE JET INLET

0.0

n0

ANGLE. DEG ME JET INLET

$UE 45. CONTINUED

*1Now



PREQ 4000 NZ

S. t i
I a

j .o -- --

'm CALCULATED~ld so - -

W 70 -

20 40 so s0 t00 120 140 180

ANGLEDEG RE JET INLET

PREQ 8000 Hz

z..

2 CALCULATSURE

0 M

we4 0 80 IO 10 4 S

a's
z 0

so

10 40 so s0 100 129 140 ISO

* ANSLEDEG0 ME JET INLET

1101



Its

of 4 -Allcul ATED. -

2* 40 so s oo Is aIO 140 to

ANGLE, DUG FIX JET INLET

ANGLE. DES ME JET INLET

PIGURI 54& COMPARISON OF MKAMSURD AND CALCULATED CT NOISEPRO
DATA BAK ITEM 9- STATIC CONDITION 1640 PT/SC 5?f VELOITY



,,0 12(

TRZ 100o0

to

4 j ALCULATED

S 70,
2" 0 40 go so 100 ISO 140 Igo0

ANGLE., DUCG ME JE[T INLE[T

2 FEE p 2000 HEA0U A

I

100

so 40 as so too 120 140 Igo

ANGLE. D916 RE[ JET INLErT

22 31'

"" !3? TrCLUATD



PRE@ 4000 NZ

Z~ *o CACULATMEASU-R- D

It-

a

aie

00
go

i0 40 g0 so 100 120 140 160

ANGLE, DEG RE JET INLET

Ii'

Id eACALCULATED

20 40 so s0 10O It0 140 160
ANGLE, DES RE JET INLET

PIGRE-66 COCLU EASRE

1 
984



120

MEASURED A4
PFREQ 23 ZIH2

ze

00

0

CALCULATED

20 40 60 So 100 120 140 160

ANGLE. DEG RE JET INLET

1230

w 120 ______ 
__

92FRE So=50l 0
6)C a MEASURED

z..a

*0 1110 0 0 c_

001 CALCULATED

s2; 40 40 60 toaIO 140 ISO

* ANGLE. DEG RE JET INLET

* FIGURE 5467 COMPARISON OF MEASURED AND CALCULATED
JET NOISE FROM DATA BASE ITEM 9 - FLIGHT CONDITION

185



0MECASURED

Ito &L_ __

00I

* uo*

_ _ __U I-T
0 MEASUREID

a.a

-C a

go '40 so IGO me 30 '

ANGUR. Due IvE 361 m44w1

'FIGUME 147 coNT r4Uff

I '1 S



AD-OU 616 UNITED TECHN.OLOGIES CORP WI OSON LOCKS COW HAMILTON -81m F/l 20/1
V/STOL ROTARY PIOPiLSOM NOISE PREDICTION MODEL UPDATE AND ALU-mctu
DEC 7O NAGiOZZl

UNCLASSlrIFIO IAA-f-79-107 IS.

ImmmmlEmmmmmmI
'-7]



136

Ii** lO 1.80

III25 IU H.4

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-A



ISO

6PMEG a 4000 HE

ILC 
L lJ ACOm,, ,.2l t -____

g we

as_ _

30 4 0 60 tO IO 4 0
ANLE D" EJE NE

I 0
e0E0-600 M

120

Na

Ile-

CALCULATE

0,l

10 40 40 so too Ile 140 1111

ANGLE. DES ME JE9T INLET

FIGURE 5-67 CON4TINUED

JF



130 -_____ __________

Wit 120

0: FREQ a 16000 N4:

as

CALCULATED C

20 60 soO 1020t 140 so

APMLE. DMG its JET INLET

FIGURE 547 COM4LUDES

ISO



ti

IL
ZL

hif

It -- -- -

I I L.

Lal.'n %aw

0 -fx

-T

FIGRE543 CMARIO OFL MJT EASRDONCCLUATDJETOIEA

130~~10 DERESADFLGTSPE F 0 T/CFR HE

JE VEL OCITIVE SAN CERONDTA BASEITECM13.

189

A,-17 "m.



Figure 5-69 shows the comparison between measured and calculated Jet noise spectra
at three tunnel speeds at 130 degrees azimuth and a jet velocity of 1670 ft/sec. The
agreement in levels is fair, showing an overprediction of about 3 d. The change In
peak ucso level is well calculated (8.5 dB calculated vs 9 dB measured) over the gh
speedrange to 30ft/sec.

Flgure 5-70 shows the comparison between measured and calculated overall Jet noise
diretivitles at a Jet velocity of 1670 ft/sec for tunnel speeds from 25 to 360 ft/sec.
The shapes of the jet noise directivities are well calculated. At 25 ft/seec, the agree-
meat, between calculated and measured levels is quite good. Although the agreement
s sill good at 200 ft/sec, a slight overprediction is becoming apparent. At the two

highest tunnel speeds, the overall Jet noise levels are moderately overpredioted beyond
120 degrees. All-in-all, the agreement is very good in the range 70 to 120 degrees.
Beyond 120 degrees, the levels are slightly overpredicted, by about 1 dB at 25 ft/sec
to 3 dB at 850 ft/sec.

On the basis of the comparison with this data, the noise of a single Jet is well predicted
over the jet velocity range 800 to 1670 ft/sec. The spectrum shapes are particularly
well predicted. Although the noise is slightly overpredloted at high Jet velocities, the
calculated forward-flight effects are In good agreement with those measured.

Dota so. Item 24. - This paper presents results of noise measurements made in a
wind tunnel on single-stream and coaxial cold jets. The single-stream Jet was tested
at 943 ft/se Jet velocity over the flight speed range 13 to 100 ft/sec (6. 21 lb/se weight-
flow-rate and 179. 6 to 162.8 lb jet thrust). The coaxial Jet was tested at 1000 ft/sec
primary jet velocity and a secondary-to-primary Jet velocity ratio of 0.6 over the fight
speed range 18 to 100 ft/sec (6. 58 lb/sec primary weight-flow-rate, 8. 54 lb/sec
secondary weigh-flow-rate, 201. 0 to 184.2 lb primary Jet thrust, and 154. 6 to 132.8
lb secondary jet thrust).

Figure 5-71 shows the comparison between measured and calculated noise levels for
the sing:le-stream Jet. At 90 degrees, the agreement between mesurements and cal-
culatons is very good for the three tunnel speeds. At 120 degrees, the agreement
betwen measurements and calculations is good at the lowest tunnel speed, but the
calculations show a slight overprediction of about 1. 5 dD at the peak for the 100 ft/sec
unnd speed. At 146 degrees, the peak levels are undt-eoicted by bout 2 d. The
spectrun shapes are well predicted.

The comperison of measured and calculated noise levels for the coaxial Jt s shown in
figure 5-72. At 90 degrees the mets show a n e spectrum shape them that
shown by the calculations, but both the peak levels and hage in nise level with flih
speed ae fbirly well predicted. At 120 degrees theb is better agr"ment between
meaured and calculated spectrum shape, but the calculations show an overpredloion
of bot 2 dl. At 148 degrees, the spectr oI shape s wel proaed. At the 1 ft/s
band speed *e pek level is adelpreoted by sbut, df, Vle at he 100 ft/sec
ftunel speed thepeak level Is udespdimed by about 2 dL
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Data Base Item 25. - Although this report does not show absolute noise levels, this
data was evaluated because It Is one of the few found on model coaxial Jets with hot
primary flow. As the noise scale is indicated to be In 5 dB Increments it was assumed
that the scales were at Integer multiples of 5 dB. Thus, the actual levels were esti-
mated by selecting which multiple of 5 dB gave the best match to the calculations.
Although this could lead to errors, the correlation between calculations and measure-
meats bad been quite good so far and the data was to be used primarily for evaluation
of forward-flight effects. As the low and high tunnel speed data are shown on the same
scale, the forward-flight effects can be precisely determined.

Figure 5-73 shows the correlation between measured and calculated noise levels for
the single-stream jet at 1164 ft/sec for tunnel speeds of 20 to 98 ft/sec (39.6 and 37.0
lb of jet thrust and weight-flow-rate of 1.114 Ib/sec). At 60 degrees, the agreement
between measurements and calculations show the peak to occur at 5000 Hz whereas the
measurements show a peak at 1250 Hz. Raising the measurements by 5 dB would im-
prove the mid- and high-frequencies. The report does Indicate the presence of spectral
distortion at low and high frequencies. The low-frequency distortion i conjectured to
be reverberation effects, but no explanation is given for the high-frequency distortion.
In any case, the measurements indicate a reduction of about 2 dB due to forward-flight
vs about 1 dB calculated. At 90 degrees the agreement between measured and calculated
jet noise levels is seen to be better. Again the measurements show a change of about
2 dB and the calculations show a change of about I dB for flight effects. At 120 degrees
the flight effects calculated are In good agreement with the measurements. At 145
degrees the calculated spectra are in good agreement with the measurements. The
calculated levels indicate a flight effect of about 3 dB, which compares well with a mea-
sured flight effect of about 2. 5 dD.

Figure 5-74 shows the comparison between measured and calculated coaxial jet noise
levels. For this data the primary jet velocity was 1463 ft/sec and the bypass jet
velocity was 878 ft/sec with the tunnel operating at 20 and 130 ft/sec. The jet noise
calculations were done using a primary weight-flow-rate of 1. 46 lb/sec and bypass
weight-flow-rate of 6.875 lb/sec, primary Jet thrust of 65. 4 and 60.4 lbs at 20 and
130 ft/sec tunnel speed, respectively, and a bypass jet thrust of 179 and 155 lbs at
20 and 130 ft/sec tunnel speed, respectively. Similar problems to those for the single-
stream jet can be seen at 60 degrees, although the agreement between measurements
and calculations is better for the coaxial jet than for the single-stream jet. At 90
degrees, the levels appear to be overpredicted, but an adjustment In measurements
of 5 dB would improve the mid- and high-frequency correlation. The flight effects are
measured to be about 2 dB compared to a calculated value of about 1. 5 dB. The com-
parison of calculated vs measured flight effects Improves with Increasing angle. At
120 degrees, the night effects are in excellent agreement. At 145 degrees, the cal-
culated spectra ar in excellent agreement with the measured spectra.
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Thus, although the calculated jet noise spectra are not in very good agreement with the
measurements due to low- and high-frequency distortions and due to uncertain amplitude
scales, the calculated flight effects on jet noise are in excellent agreement with those
measured.

Comparison of Measured and Calculat6d Full-Scale Jet Noise

Data Base Item 2. - This paper presents measurements made of the noise from a J85
engine installed on the Aerotrain. Data was acquired at static conditions and at a

flight speed of 269 ft/sec. The data used for comparison is that taken using the conver-

gent/divergent nozzle. FIgure 5-75 shows the comparison between measured and cal-
culated J85 engine jet noise spectra for the static and 269 ft/sec flight conditions. At 30
degrees, both the measurements and calculations show a small effect on noise due to
flight. The agreement between measured and calculated peak noise levels is good, the
levels being underpredlcted by I to 2 dB. At 90 degrees, the shapes of the frequency

spectra are well calculated and the calculated flight effects are In excellent agreement

with the measurements. As for the 30 degree location, the levels at 90 degrees are

underpredicted by about 2 dB. At 120 degrees the calculations are in perfect agreement

with the measurements at frequencies above 1250 Hz. However, the data shows peaks
in the spectra at 500 to 630 Hz which do not match the calculated peak frequency of 1250
to 1600 Hz. This results in an underprediction of the peak of about 3.5 dB. The origin

of thXs peak Is not known, but appears as a second component which extends from about

100 Hz to about 1250 Hz. The change In noise level with flight speed is, however, well

predicted.

Figure 5-76 shows the comparison between measured and calculated jet noise direc-

tivities at 400 and 2000 Hz. At 400 Hz, the agreement between measured and calcu-

lated levels is good to about 90 degrees but underpredicted at the aft angles. This was

apparent from figure 5-75 which showed a low-frequency peak in the measurements at

the 120 degree location. The calculated peak (at 140 degrees) is about 3 dB lower than

the measured peak (at 130 degrees). At 2000 1Hz, the agreement between measurements

and calculations is good from 30 to 120 degrees. The static condition peak is under-

predicted by 3 dB while the 269 ft/sec flight condition peak is underpredicted by 2 dB.

Data Base Item 23. - The data presented in this paper was acquired on a Viper engine

under static and flight conditions. The static data was acquired using several micro-
phones at various heights above the ground plane so that fairly accurate groand reflec-

tion effect corrections could be derived. The fligt data was taken during 2000 ft
altitude level flyover using a single microphone located at four feet above grass, so
that corrections to free-fSeld conditions were less well-defined than for the static daa
All data were corrected to standard day and free-field conditions.
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Figure 5-77 shows the comparison between measured and calculated Viper jet noise
levels for a jet velocity of 2020 ft/sec. Spectra are shown for 90, 120, and 150 degree
azimuths for static and 270 ft/sec flight conditions.- The agreement between measured
and calculated static jet noise levels is seen to be very good for the three azimuth
locations, except at high frequency at 150 degrees. These are seen to remain high in
level beyond 1600 Hz, rather than roll-off as Indicated by the calculations and the earlier
data on model jeft. As this data was acquired using an unlined tailpipe, this high
frequency noise is perhaps from engine internal sources. The flight noise is seen to
be significantly underpredIcted at all three azimuth angles. Actually, it is deduced
In the paper that the statio data extrapolated to flight data distance shows about the same
noise levels as the flight data, i.e. the flight data does not show a reduction in noise
level due to relative velocity effects. Although it would be expected that sources other
than jet mixing noise could dominate at low jet velocities, it would not be expected to
be the case at such a high jet velocity. In any case, this flight data is contrary to that
presented for the model jets and the J85 engine.

Hamiton Standard Data Bank: DC9. - This data has been presented earlier under the
evaluation of fixed-pitch fan noise prediction. It was concluded that under take-off
condition, the low-frequency noise was dominated by that from the core engine jet.
Figure 5-78 shows the comparison between measured and calculated JT8D engine noise
on take- off. The measurements are for the total engine, while the calculations are
for let noise only. The first jet noise calculation was done assuming a coaxial jet, i.e.,
using the core engine parameters for the primary jet noise and the fan parameters for
the bypass jet. As may be seen In figure 5-78, the jet noise is significantly overpre-
dicted. However, the JT8D engine uses a retracted primary nozzle so that a certain
amount of internal mixing of primary and bypass flows takes place before exiting. Thus,
a second jet noise calculation was done assuming a single-stream jet with full internal
mixing. As may be seen in figure 5-78, this results in underprediction. As the mea-
sured levels are between those calculated with the two assumptions, it is concluded that
some internal mixing has taken place. Thus, the Jet noise from engines with retracted
primaries cannot be accurately calculated using the current Jet noise calculation pro-
cedase.

Summary for lets

The evaluation of the calculation procedure for Jet noise indicated excellent agreement
with measured noise levels of model jets. All aspects of the measurements (levels,
spectrum shape, coaxial effects, flight effects) were well predicted. In general, the
calculated levels agreed with the measured levels to within * 2 dB an tho basis of
one-third octave band correlations. Of the three cases used for correlation of Jet noise
calculations for real engines, one showed agreement with calculations comparable to
those obtained for the model Jets, one showed good agreement statically but underpre-
diction In flight, and the third showed relatively poor correlations. As these data are
for complete engines, it is possible that engine Internal noise sources are contributing
to the measured noise levels and conaminating the jet noise. For exmmple, the second
engine Jet neise ed for correlation had an untreated talpipe. This, other sources
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of ad"s such as those in the combustor and/or tubine could be contributing to the
total Ubie, The third engine Jet noise data used In the evaluation was that from a
JTSI) engine, which has a retracted primary nozzle. Calculations made assuming
a coaxial jet (externial mixing) showed overpredictions while those made assuming
a single jet (*lAl Internal mixing) showed underpredictions. It was thus concluded
that the current diethod Is not appropriate for the calculation of jet noise for engines
with retracted primary nozzles.

Oni the basis of the evaluation of the jet noise prediction method contained in the cur-
rent noise prediction computer program it Is concluded that good predictions, of jet
noise can be made for single-stream and coaxial jeob which have fall external ningt
And *hich are not contaminated by engine Internal noise sources. it may be deduced
that the jet noise for engines with retracted primary nozzles (e.g. the JTSD) and those
with jot noise suppression devices such as lobed nozzles, tube ejectors, and lined
ejectors will be overpredicted by the current methodology as it does not have provisions
for such configurations.

SUMMARY OFr NOISE PREDICTION METHODOLOGY EVALUATION

The. V/STOL Rotar Propulsot Noise Prediction Methodology has been evaluae for
free-air propellers, variable-pitch fans, fixed-pitch fans, helicopters, core engines,
and jets. The notse measurements used for correlation with calculations Include those
made for static and flight conditions and for isolated and Installed propulsors. Although,
in general, the results of this evaluation are encouraging, there are areas whbere sig-
nificant discrepancies were found, particularly for Installed proplsors. Also, ground
reiecticn effects in the measurements were found to be significant. Generally. ade-
qute corrections to free-field conditions could not be derived, particularly for those
containing low-frequency tones.

The following paragraphs summarize the results of the alois prediction evaluaton
which was done usin the qpded veftaio of the aompieter program.

Static undnsalled propeller aoise is well predied oror te adre frequency spectrm.
Static installed propeller noise is underpredioted at the md-frequency harmonics, due
to Installation eMoots -specifically the ingestion of hiselage and/or ground vortices.
lb fiht, low-tomod 6at tip speed. lightly loaded propeller noise IWudrrdce
bemase this oontains dooinat thickness noise eomuposafti which are not calculated by
the Quren nois. predlon methodology. 1h flight, the mid-to-ig frequencies are
dii. to angine noise. Within the range of validity of the propeller noise prediction

me logy, the agree-ent between measured and osleulaed one-third octave band,
leves for te tota peepulsor Isc * Id. Alreement between caloculated and measured
evsll, 4A), PHL9 PNLTq and ZPt4L was fould to be about 3 I L



Variable-pitch fan nois was found to be well predicted except for the very low-frequency
one-third octave band levels. As these do not contribute significantly to preceived
noise, the correlation between measured and calculated sideline PNL and PNLT was
found to be within about * 3 dB. Forward-flight effects, based on limited data acquired
In a wind tunnel, are also fairly well predicted.

The correlation between calculated and measured Isolated static fixed-pitch fan noise
levels was found to be In reasonable agreement, although the high frequencies are
slightly overpredlted. Acoustic suppressor performance for moderate levels of teat-
meat was found to be well predicted. The noise of complet en ne in flight Is gen-
eral overpredited by about 4. 5 PNd. Some of the differences are appatently due to
installation effects such as shielding by wings and fuselaps. Noise predictions utiliz-
ing the generalized core engine were also evaluated, as this engine would typically be
used for preliminary design studies. These were found to exceed the measured levels
by an average of about .8 PNdB, primarily because the use of the generalized engine re-
sulted in higher compressor and Jet noise levels. As the standard deviations In the
calculated vs measured noise level comparison are small, adjustments of -4. 5 PNdB
for the calculations using defined core engine parameters and -8 PNdB for the calcula-
tione using the generalized core engine are recommended for Improved Installed fixed-
pitch fan propulsor noise predictions.

The major problem in evaluating the performance of the noise prediction methodology
for helicopters is in adjusting the measured noise levels to equivalent free-field con-
ditions. Attempts to correct for ground reflection effects were not succesesfl, pri-
marily because the calculated frequencies of reinforcements and cancellations did not
match the measurements. Also, It was not possible to apply the ground reflection ad-
justments to the measurements, as the contribution from each of the several sources
(i.e. main rotor, tail rotor, engines, etc. ) in a particular one-third octave band could
not be determined. Signifcant Iderprediction was found for conventional helicopters
in hover. It was concluded that this occurred because of high levels of tal rotor noise
caused by severe Inflow distortion due to the vertical tail. In flight, the Inflow distor-
tion is reduced and tal rotor noise decreases. One helicopter, the HH-43B, shows
similar noise levels during hover and flight. This was attributed to the fact that this
helicopter does not have a tall rotor. Although the measurements show evidence of
significant low frequency ground reflection effects, the correlation between calculated
and measured PNLT time histories was found to be quite good, thus giving good pre-
dictions of EPNL values. (e exception was the Bell 212 helicopter, which is under-
predicted due to its producing significant Impulsive noise. During hover, the average
measured-mInus-calculatd levels was found to be 4. 0 PdB with a standard deviation
of 2.6 PNdB. During flyover, the correlation is much better. The peek PNLT
measured-minus-calculated average is -0.9 PNdB, while the average measured-mlnus-
calculated EPNL is 0.3 EPNdB (not Including the Bell 212 helicopter).
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Al thao only a small sample of care. engine noise data was available for evaluation of
the core engine noise predction methodology, the correlation between measurements
and calculations is esargn.Good correlation was obtained for isolated engnes.I
High-frqueWc ul noise was overestimated for Installed engines. However, thmee
had over-the-wing exhausts so that the overpredictloa culid be due to wing shielding.

The evaluation of thme Jet noise prallction method shows ezoellent agreement with
measured noise of sigl, stream. mA coaxial jetb with both hot and cold primary jets
and operating staticall and In MOLt Typical ae-third octave band correlations are
withing * 2 dB. Real, full-scale engine jet noase correlations are net as good. of the
three ftll-size enin jet noise calculations oiae correlates well with mesurements,
one correlates well statically but not In flight, and one (which had a retracted primary
nozzle) shows overprdotos 3 was thus concluded that the current jet noise predic-
tion method will give good estimates of noise from single-steam, and coaxial. jets
which have full external mixing and which are not contaminated by engine internal noise
sources, do not have retracted primary nozzles, and do not have jet noise suppression
devices.
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CONCLUSIONS

Based on the work performed under this study, the following conclusions have been
reached:

1. Most of the data available from the open literature have many limitations, includ-
Ing unknown engine operating conditions, severe installation effects, and unknown
ground reflection effects, which make the evaluation of forward-flight effects and
methodology correlation very difficult using these data.

2. Except for some propeller noise data, the flyover noise data used for methodology
correlation was acquired with microphones located above a ground plane. This
made it lmpossibl to establish forward-flight effects on low frequency noise,
particularly those sources which have strong low-frequency tones such as pro-
pellers and helicopter rotors.

3. In general, flyover data suffers from ground reflection problems, while static
data suffers from installation effects (ingestion of vortices, reflections from
wings and fuselages, inflow distortion by fuselage and tal surfaces, etc.)

4. Based on careful nterpretation of the best of the available data, the forward-
flight effects included in the methodology could not be fully evaluated, as in many
cases other effects (such as installation effects -- see Conclusion 3) result In
noise level changes between static and flight conditions which are greater than
those from the effects included in the methodology.

5. Noise measurements made in acoustic wind tunnels require further study before
they can be fully accepted for evaluating forward-flight effects as the turbulence
levels and length scales In the tunnels may not represent those encountered In
the normal atmosphere.

6. A more accurate evaluation of the noise prediction methodology will require static
data acquired for uninstalled propulsors tested on clean aerodynamic stands
located well above the ground plane and in-flight data acquired on configurations
relatively free of installation effects. Measurements are required which are not
contaminated by unknown ground reflection effects, particularly in cases where
the noise signature contains high levels of low frequency tones.

7. Although the noise prediction methodology evaluated appears suitable as a pre-
liminary design tool, the presence of installation effects and the influence of
ground reflections on noise (not Included In the program) must be considered
In using the method.

8. It is easier to apply ground reflection corrections to the calculated noise levels
then to correct measurements to free-field conditions, although it does not appear
to be readily feasible to correct for tones except on a statistical average basis
for the duration of a flyover.
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9. Although ground reflection effects are apparent in the nuaaured d"t,0 better cor-
relation between nwauured and calculated noise levels was obtained for fixed-
pitch fang and hellcopter, by Ignoring ground reflection effect.
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RECOMMENDATIONS

In order to further refine the V/STOL Rotary Propulsor Systems Noise Prediction
Methodology, the following are recommended:

1. Acquire a well documented data base to supplement the limited information
available. This data should be free from installation effects and unknown ground
reflection effects.

2. Incorporate ground reflection effects into the existing methodology, as it Is easier
to correct the calculations than to correct the measurements to free-field condi-
tions.

3. Develop. and incorporate into the methodology procedures for adjusting the source
noise levels for installation effects.
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APPENDIX A. - COMPUTER PROGRAM CHANGES

INTRODUCTION

As a result of the evaluation of the V/STOL Rotary Propulsor Noise Prediction Meth-
odology, several changes were made in the computer program. These changes can be
broadly classified into three categories: correction of programming errors, altera-
tion of constants due to methodology revisions, and changes in the calculation proce-
dure. In the first category, inevitable coding errors which were left undetected from
the original programming of the methodology and several procedures allowed in IBM
FORTRAN but not in other FORTRANs (such as for the CDC computers) were cor-
rected and revised. In the second category, revisions resulting from the evaluation
of the noise prediction methodology, such as a new set of forward-flight exponents in
the jet noise calculation, were included in the new version of the computer program.
Finally, In the third category, changes In the noise prediction methodology required
to improve the correlation with measured data were also Included In this revision.
The revisions to the computer program resulting from the first two categories are
essentially transparent to the user. Although the answers might be different, the In-
puts required to perform the calculations remain the same. The changes In the third
category, however, did require a change In the list of Inputs.

In the following sections, the changes made in the computer program will be described,
the areas where new inputs are required will be identified, and the impact on the calcu-
lations will be explained.

PROGRAM CHANGES

The changes made to the computer program will be identified using the module number
and name and the line numbers given in the Computer Program User's Manual, volume
II of reference 1.

Program Corrections

In the course of the evaluation of the noise prediction methodology, several errors
were found in the computer program. These were mostly coding errors, although a
few were logic errors which were left over from the original formulation of the pro-
gram.

Module H894, Main Program. - The area affected is in lines 8370 to 8540, inclusive.
The flight distance increments resulting in one half-second intervals for the PNLT at
the observer in the calculation of EPNL were incorrectly calculated.

213



Module H894D. JE TN. - In the calculation of the bypass jet noise adjustment, the n-
terpolation between area ration of 2 and 4 was in error due to a mislabeled variable
at line 1670.

Module H894F. ROTOR. - The helicopter rotor noise calculation procedure was
originally formulttd for a 200 ft sideline. This was unintentionally left In the com-
puter program. The corrections are at lines 890 and 1050 and result n changing 200
to the input sidelIne distance. Also, the atmospheric attenuation adjustment at lines
4420, 4540, and 4550 was corrected to reflect the actual slant range.

Module H894H, FPFAN. - There was an Inconsistency between the way the fan noise
directivity factors were derived In this module and the way they are used in subroutine
TREAT. The corrections are at lines 5060 to 5240.

Module H8941, FAPROP. - An error was found In summamg In low frequency tones
to the 1/3 octave band spectra. This was corrected by Inserting an IF statement be-
tween lines 4130 and 4140.

Module H894K, RVINT. - There was an error In one of the terms In the calculation
of stator noise for the OGV case. The correction was to delete line 590 and add the
exponent part to the expression at line 1180.

Module H894R, GArAVPF. etc. - This module was originally H894Y. The error in
the IF statement at line 1030 was corrected. The calculation of STLD1 at lines 2400,
2410, 2430, and 2440 was corrected.

Module H894T, TREAT. - Due to Inconsistencies In the definition of the directivity
Indices, the conversion from PWL to SPL resulted In levels which were 3 dB too high.
Thus, lines 1730, 1960, 2990, and 3610 were adjusted by -3 dB. The fixed-pitch fan
treatment calculation had been omitted originally. The logic at lines 1710, 110,
1730, 1910, and 1920 was changed, and lines after 2070, 2300, 2390, 9210, 31,
and 3580 were added. Finally, to make the treatment calculation for ftled4pbeh h
compatible with that for variable-pitch fans, ines after 620 were added. -

Module H894V, GAAFPF. etc. - The stage pressure ratio was Incorreetly caloulsIOd,.
The proper factor was added after line 14900 and corrected at line 15100.

Methodology Changes

The following changes made to the computer program were a result of revisions to
the methodology based on the evaluation performed untdr the current contract.

Module 8894. Maio Procram. - PNLT values ve tims will be printed f the prin con-
trol Is greater than zero.
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Module BNDT . - As a result of the evaluation of forward-flight ffets, new
values for the jet noise flight exponent were derived and incorporated Into the jet
noise osculation procedure.

Module H894H, FPFAN. - Several chanps have been made to this module for con-
venience to the user. In order to allow a better match between calculated fan aero-
dyimmic parameters and those which exist for an actual fan, It Is now required that
the fan design bypass ratio (fan-duct flow-rate/core flow-rate)be Input. The fan
thrust which is calculated and printed Is the fan-duct thrust. The total engine thrust
Is then the sum of the fan-duct thrust and the core engine jet thrust.

Module H8941, FAPROP. - As a result of the methodolog evaluation, it was deter-
mined that the original unsteady loading noise Included Installation effects. As a
consequence, the empirically determined unsteady loading harmonics were rederived
from static uninstalled propeller noise data. This resulted In revised coefficients,
including a steeper harmonic level vs harmonic order roil-off. The revisions were
made to lines 3490, 3510, 3920, 3940, and 4060.

Module H894K, RVINT. - A problem occurred here that prevented this module from
compiling on certain machines. A branch was made from within a do-loop back to
within the do-loop. This was corrected by moving the statements into the do-loop and
eliminating the branch.

Module H894M. SHRP. - The printout of the thrust was changed to be only that from
the fan. The total thrust is then the fan thrust plus the core engine thrust, If any.
Also, the unsteady loading rotor noise calculation procedure was changed to match
that for the free-air propeller, i.e., to calculate lower levels and a faster roll-off.
Finally, a new input was generated. The original off-design tip speed was selected
based on a generalization of tip speed schedule desired for approach conditions. How-
ever, for the evaluation study, test conditions dif not generally follow this generaliza-
tion. Thus, the operating tip speed can be specified. i It Is not specified, the gener-
alization Is used.

Module H894N, VPFAI. - The same changes ar deocribed for the previous module,
H894M, were made to this module. In addition, the rotor broadband noise level and
spectrum shape were adjusted to give a better mitch with that from the measurements.

Module 118940. VPLFAN. - The chnes made in this module are the same which were
made for module H894M.

Module U194Q. 8HT. - Same changps as for 89411.

Module RO94, GAAVPF. - The module was chued to use the fan operating speed,
I Input. Also, the generalization of upstream blade drag cooffclient, CD, vs pres-
sure ratio and ratio of operatifn tip speed to optmum tip speed was changed as a re-
sut of the mstbodoleW evsauatom.
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Module H89HV. GAAFPF. etc. - To give better estimates of fan flow-rates, the cor-
rected wel#-flow was changed to 41 lbs/sec/ft2 for CTOL fixed-pitch fans and 36
lbs/sec/ftz for fixed-pitch lift fans. Variable-pitch fans use 40 Jbs/sec/ft2 throughout.

Module H894W. Utlt.-This module was newly formed and contain the general
usage suroutine: NOYS, TONE, BE SIR, BIQUAD, WAAD, UNBAR, UNINT. BESIR,
BIQUAD, and UNBAR wore modified to allow them to compile on the CDC computer.

Changes In the .1nput List

The following changes were made to the Input list. These resulted from the genera-
tion of additional Inputs described previously. Thus, the following input data locations
were added:

Location Description of finpu

93 Fixed-pitch fan design bypass ratio

(Fan-duct flow-rate/core flow-rate).

352 Variable -pitch fan With Ey tip Speed,
ft/see, If >'0. If 0 uses generalization.

353 Variable-pItch fan with OGV tip speed, ft/see,
If> 0.1NO uses generalization

354 Variable-pitch lift-fan tip speed, ft/see,
If > 0. 9 0uses generalization.

It should be noted ta the general usage locations are now in the range 355 to 400.

These are available, as before, for Input data used In geaziox noise calculations

USER'MANUAL BEVUJONS

The following summarizes the revisions to the user's manual, volume M of refereme
1. only the text pertalaing to the operation of the program will be addressed. Changes
in the sample cases and to the progra~ listing will not be indicated. The user ts re-
ferred to the progrAm itself for these changs.

Flpre 3, page 10, should be revised to Indicate that the fixed-pitch fan locations ane
77 to 93 (from 77 to 92); location 352 Is the operating tip speed for variable-pitch Saw
with, 1GW.; locatios 353 Is the operating tip speed for variable-pitch fans with OGV@;
location 354 Is the Uip speed for variable-pitch lif farns and Iocatlm 355 to 400 ofte
352 to 400) are not sPeolavofly allocated.

Page U3, first paragraph m~iet "Varfable-Pitch Fan with ISV," 1 should be m*d
to include locadon 352 In the IM* of data locations. The second paragaph shcUl
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Include location 352 as an Input defining the operating conditions. The second para-
graph should also have a sentence added to it stating that the operating tip speed
(location 352) will be used If the input Is greater than zero; otherwise a tip speed

* based on a generalization for approach conditions will be used.

Figure 7, pap 14, should have location 352, "operating tip speed, ft/sec, If>0.
Else uses generalization" added to the Input data lst. Also, at locations 427 and
135, the word "net" should be changed to "bypass".

Page 15, the first sentence after "Variable-Pitch Fan with OGV" should have location
353 added to the data input list.

Page 15, the first sentence after "Fixed-Pitch Fan" should be revised to include loca-
tion 93 (i.e., change 77-92 to 77-93). The second paragraph should have the sentence
"The design bypass ratio (fan-duct flow-rate/core flow-rate) Is loaded Into location
93." added to it.

Figure 8, page 16, should have location 353, "operating tip speed, ft/sec, If > 0. Else
Uses generalization" added to the input data list. Also, at locations 155 and 163, the
word "net" should be replaced by "bypass".

Figure 9, page 17, should have location 93, "1BYPDS design bypass ratio (fan-duct
flo-rate/core flow-rate)" added to the Input data list. Also, for clarification, at
location 229, after ". . . turbine rotor, fps" add "(or 0. 7 UTIP)" and at location
230, after ". . . turbine exit, fls" add "or 48.5 SQRT (TT7)".

Figure 11, page 20, should have location 354, "operating tip speed, ft/sec, If p 0.
Else uses generalization" added to the Input data list. Also, at locations 277 and 285,
the word "net" should be changed to "bypass".
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APPENDDC B. -GRAPHICAL PROCEDURE CHANGES

DIMODUCTION

As a result of changes In the noise prediction metodolog0y, the graphical procedure
were changed to parallel dhe clangps made In the computer Program. The new charts
described in this section are to replace their counterparts in volume 11 of reference 1.

REVISED CHARTS

Free-Air Propellers

The cluang in the free-air propeller noise calculation was In reducing the level of the
unsteady loading wns to better match the data from uninstalled propellers. Figure
B-1 gives the revised curve which provides partial level PRP7. This replaces figure
PRP11, page 27.

Variable-Pitch Fans with Dyes

The unsteady blade loading noise for variable-pitch fans with 1W.s was reduced based
on the adjustments derived from the free-air propeller noise correlations. Figur
B-2 is the replacement for figure 13V17* page 77.

Variable-Pitch Fans with OVa

Two revisions were made to the procedure for calculating the noise of variable-pitch
fans with OGVs. The first revision was to the broadband noise calculation procedure.
This revision resulted In lower levels and a ohinge In the spectrum. Figur B-3 re-
plaums fgure OV3 on papg. 102. The use of this fgur is different from the use of
the figure it replaces. To calculate the partial level, figure 8-3 Is entered with the
total blade are In ft2 and the rotor tip Mach nuber to obtain partial level OV121.
The partial level OGV12 is then computed to be partial level OGV121 from figrev
B-3) times the rotor thrust. Thus, the instutions for step 3 on pap 64 are now as
follows:

Sep 3. Obtain partial level OGVI'~ from fiUre O0V13 by entering with 0the tl
blade area Is ft2 ad moving up to the tip Mach number. Calculat Partial
level O0V12 by multiplyig OV2I' by the rotor thrtust

Figure B-4 Is the revised rotor broadband mnie spectrum and replae fiure 00V15,
* page 104. The med revision Is to the rater mwsey blade leading solse and is th

same, " was descrtIed hor the vaziMble pitch fa wit DV@. Ffgur 3-5 is the revised
fur OVIS, pap 107.
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Helicopter Rotors

A chart for the dependence of helicopter rotor tone noise on rotor diameter was left
out. Figure B-6 shows the partial noise levels for thrust and torque components based
on rotor diameter and should be added as figure IE L29 to the helicopter rotor noise
graphical calculation procedure. The consequence of Inserting this figure, Is that a
step must be Inserted between steps 6 and 7 on page 144. Thus, Insert the following
step:

Step 6A. Use figure HEL29 to obtain partial levels HEL for thrust and HEL12 for
torque based on rotor diameter.

Step 7 should then be revised to include HEL11 in the list of partial levels to be
summed for thrust components and to Include HEL12 in the list of partial levels to
be summed for torque components.

Also, in step S the axis of rotation and plane. of rotation are mislabelled. a is 0 degrees
in the plane of rotation and 90 degrees on the axis of rotation, ascorrectly Indicated In
figure HEL7, page 152.

Finally, figures HEL7 through HEL26 are mislabelled. These are not SPL at 200 ft,
but are the partial levels HEL7 and HEL8, as indicated In step 5.

Jets

The forwird-flight effects on jet noise were revised. This revision resulted in new
values for the flight exponent. Figure .B-7 shows the revised curves for the flight "
exponent and for the flight correction, JET4. This figure replaces figure JET4 and
figure JETS, pap 213.
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